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Abstract 
A greenbox horticultural system has been recently proposed and developed by 
VECNA (Cambridge, MA) and University of Connecticut (Storrs, CT) for intensive urban 
agriculture. It uses urban warehouses to house and operate many individual grow boxes, 
named greenboxes, and for each of boxes the climate is automatically controlled to 
provide the optimum growing conditions for specific plant species.  
This study was conducted to analyze the energy and water use of the newly 
proposed greenbox system, in comparison with a specific greenhouse. Energy and mass 
balance equations were applied to generate dynamic simulation models for both 
structures. Head lettuce was selected to be the crop for our analysis. The Penman-
Monteith equation was adopted to estimate the evapotranspiration rate (ET) as a function 
of the environment conditions at any time during the growing season. The energy uses 
included all the heating, cooling, lighting, irrigating, and operational usage to provide and 
maintain the similar growth environment for the crop in both structures for a complete 
growing season. Water uses for both structures were mainly the accumulative amount of 
ET that got lost during the growing season. Analysis then was made to compare the 
energy and water use between the two systems subjected to winter and summer climates 
for the same amount of lettuce production.  
The results of this study demonstrated the water use of the greenbox system was 
always less than that of the greenhouse in both seasons. The energy use efficiency of 
the greenbox was lower in summer and higher in winter, in comparison with the 
greenhouse. Considering the limitations in land and water in urban areas, the greenbox 
XI 
 
 
system is shown to be a promising alternative facility for intensive horticultural 
production for people in highly populated urban areas. 
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Chapter I Introduction  
Many objective reasons and conditions call for more resource-effective farming 
technologies. These objective causations include: 1) the challenges of global 
imperatives such as climate change mitigation; 2) increasing world population, which is 
projected to pass the 9 billion by 2050; 3) the rising demand for food against the 
background of a decrease in productive agricultural land; and 4) the opportunities 
resulting from the use and recycling of resources, especially from synergies between 
agriculture and buildings (Specht et al., 2014). 
Specifically, a new definition as “Zero-acreage farming” (ZFarming), introduced 
by Specht, et al. (2014), is one of aforementioned resource-effective farming 
technology, especially focusing on farming in urban environment. This so-called 
ZFarming describes all types of urban agriculture characterized by the non-use of 
farmland or open space but the building-related forms of urban agriculture, including 
rooftop gardens, rooftop greenhouses, indoor farms or vertical greenhouses and all 
possible types of urban agriculture in and on buildings.  
As an industry version of Zfarming, the greenbox horticultural system has been 
recently proposed and developed by VECNA (Cambridge, MA) and University of 
Connecticut (Storrs, CT) for intensive urban agriculture. It uses urban warehouses to 
house and operate many individual grow boxes, named greenboxes, and for each of 
boxes the climate is automatically controlled to provide the optimum growing conditions 
for specific plant species. 
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 This study was conducted to analyze the energy and water use of this newly 
proposed greenbox system, in comparison with a specific greenhouse, using 
mathematical dynamic model approach.  
This thesis summarizes with a literature review on the technologies, physical 
progresses and simulation modelling related to greenhouse and greenbox systems and 
an objective description as first two chapters, followed by a chapter on the methodology 
of simulation. A complete description and discussion of simulation and comparison is 
presented on the next chapter. Based on the results of the study, a list of concluding 
remarks is made at the end of the thesis.  
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Chapter II Objectives 
Basically, the objective of this study is to investigate the performance of the 
greenbox system by means of comparison with a specific greenhouse system, in the 
perspective of energy and water use. Specifically, this objective can be specified as 
following:  
1) To establish mathematical dynamic simulation models for both greenhouse 
and greenbox system based on the energy and mass balance equations;  
2) To conduct simulation runs to provide and maintain the similar growth 
environment for same amount of crop production in both structures for a complete 
growth period in winter and summer; 
3) To estimate the accumulative water and energy use of two systems and to 
obtain conclusions on the features of water and energy use and season-based 
applicability by means of comparing. 
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Chapter III Literature review 
3.1 Facilities, technologies or structures for protected agriculture 
The growth of plants depends on the environmental conditions around them, 
particularly on the thermal environment (Takakura et al., 1971). Protected cultivation, or 
protected agriculture, enables to achieve the modification of natural environment or the 
creation of artificial environment to provide optimum growth environment for crops. For 
that purpose, the protected agriculture uses specific technologies, facilities or structures 
to provide control of wind velocity, moisture, temperature, mineral nutrients, light 
intensity, and atmospheric composition. In summary, the protected agriculture has 
advantages of prolonging the harvest period, increasing yields, improving quality, 
enhancing the stability of production, and making commodities available out of season.  
As for the form of the protected agriculture, it includes techniques or facilities, 
such as windbreaks, irrigation, soil mulches, hydroponics and other approaches. It also 
consists of structures including row covers, tunnels, greenhouses and comprehensive 
systems of controlled environmental agriculture (CEA). In perspective of industry and 
urban application, a greenbox farming system, developed by VECNA and University of 
Connecticut, is a new form or an industrial version of the protected cultivation.  (Wittwer 
and Castilla, 1995; Jensen and Malter, 1995; Yang et al., 2017). 
Windbreaks are barriers used to reduce wind speed. They usually consist of 
trees and shrubs, crops, grasses, wooden fences, or other materials (Brandle et al., 
2004; Aase and Siddoway, 1974; Brenner et al., 1995; Brenner, 1991; Aase and 
Siddoway, 1976; Anderson and Bird, 1993).   
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Irrigation is the most intensive and ancient means of protected cultivation of crop. 
However, due to limited water supplies, increasing government budget deficits, and 
increasing concern for environmental and instream values of water, improved irrigation 
technology with the potential to consume water with little or no loss in yields have been 
developed, including sprinkler irrigation, drip irrigation, tailwater recovery pits (Wittwer 
and Castilla, 1995; Negri and Brooks, 1990; Shrestha and Gopalakrishnan, 1993; Postel 
et al., 2001).  
Hydroponics is a technology to cultivate crops and plants in a nutrient solution. It 
may or may not use an artificial medium. (Jensen and Malter, 1995; Jensen, 1997; 
Bianchi-Hall et al., 2000; Douglas, 1985; Ashraf et al., 2010). Speaking of hydroponic 
technology within the advanced protected agriculture (i.e., CEA), there are mainly three 
types of it, including the nutrient film technique (NFT), deep trough systems and soilless 
culture. The NFT is a closed system for growing plants to make roots of crops remain in 
a shallow stream of recirculation nutrient solution (Wheeler et al., 1990; Both et al., 
1994). Unlike NFT, deep trough systems are identified as a pond, deep flow 
hydroponics and raft systems (Elia et al., 2002; Song et al. 2004).  
Mulching is approach of covering the soil around plants with a certain of material 
to make growth conditions more favorable and beneficial for crop cultivation, 
development and production (Hopen and Oebker, 1976).  
As for tunnels, the screen is located over the plants as a cover. There are mainly 
two forms of such structures, including low tunnels and high tunnels (Wittwer and 
Castilla,1995) 
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Greenhouse is also the answer to artificial crop growth environment by 
controlling or modifying the environment of plants to offer the appropriate thermal and 
nutrient environment with continuous development and improvement (Critten et al., 
2002). Although there were used to be many early attempts to cultivate crop in some 
controlled space, as early as Roman times, formal greenhouses did not appear until 
glass was available (Jacobs, 1995; Yoon et al., 2007; Janick et al., 2007). An example 
of this glasshouse industry was the greenhouses in the Netherlands (Dutch 
greenhouse). The Dutch greenhouse agriculture is generally characterized by small 
scale, often family-run businesses (Harkema et al., 2010). Then after the introduction of 
plastic films, a worldwide greenhouse industry began to occur. (Jacobs, 1995; Wittwer 
and Castilla, 1995).  
According to Jensen and Malter (1995), greenhouse structures have 
characteristics such as enclosure, internal control, product yield, reliability, scheduled 
and continuous production, quality of produce, input conservation, regional location 
flexibility, urban-rural location flexibility and non-food systems integration. Comparing 
with aforementioned technologies or structures of protected cultivation, greenhouse is a 
comprehensive one with long history and full development. 
Apart from maintaining more appropriate internal ambient to increase the crop 
growth efficiency, greenhouse could also be used in many other meaningful aspects. 
For instance, during drought period in some regions, the greenhouse could be designed 
to maintain the enough water supply for plants, achieving an extra benefit to overcome 
the lack of water or to optimize the use efficiency of water in the selected region.  For 
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regions or seasons with problems of high wind, insects and airborne diseases issues, 
good designs of greenhouse could solve these problems as well (Critten et al., 2002). 
As for the controlled environmental agriculture (CEA), it is an advanced and 
intensive form of hydroponically-based agriculture where plants are grown within a 
controlled environment, so that horticultural practices can be optimized (Jensen and 
Malter, 1995,). The CEA system is sophisticated as the consideration of coordinated 
environmental control, integrated production system, mechanization and automation 
where appropriated and superior attention to detail with a focus on plant quality, timing, 
and quality. The characteristic of CEA is the use of hydroponics instead of either soil or 
a soil substitute as a root medium, which is the main difference between CEA and 
above technologies or structures (Kacheris, 2016).  
Finally, the Greenbox farming is also worth being mentioned here as a form of 
protected cultivation.  
Before the promotion of the idea of greenbox systems, there have been many 
similar or original or even intensive versions of this type of systems for protected 
agriculture, I call them box type structure in this study. From the macro view, these box 
type structures, together with the novel greenbox farming, are the industrial version of 
“Zfarming”. This so-called new definition as “Zero-acreage farming” (ZFarming) was 
introduced by Specht et al. (2014) to describe all types of urban agriculture 
characterized by the non-use of farmland or open space but the building-related forms 
of urban agriculture. The ZFarming includes rooftop gardens, rooftop greenhouses, 
indoor farms, vertical greenhouses and Greenbox farming. 
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Rooftop gardens or rooftop greenhouses are systems to place the vegetation and 
crops directly or with greenhouse systems on building roofs to reduce energy demand 
on space conditioning, and hence GHG emissions, through direct shading of the roof, 
evapotranspiration and improved insulation values (Liu, 2002; Sanyé‐Mengual et al., 
2013; Sanyé-Mengual et al., 2015; Cerón-Palma et al., 2012; Nadal et al., 2017). 
Vertical farms can be defined as sophisticatedly built urban structures that solely serve 
as spaces for agriculture food production business to cultivate high yields of food within 
skyscrapers or on vertically inclined surfaces in a technologically advanced manner 
(Thomaier et al., 2015). In vertical farms, three major technologies would be used. 
These three technologies are aeroponics, hydroponics and drip irrigation (Despommier, 
2009). Due to complexity of vertical farms, there is actually no real existing example of a 
functioning vertical farm up to now (Thomaier et al., 2015). Indoor farm is to put the 
high-performance agriculture in buildings to take advantage of the synergies between 
the building environment and agriculture. There are two major classification of indoor 
farms, including leveled indoor farms and storefront glasshouses. The former one refers 
to directly locating the indoor farms in the general buildings, and the latter one is to put 
the greenhouse in the skin of a double-skin building. For indoor farms, lighting is one of 
the limiting factors given the radiation blocking from opaque buildings, thus, artificial 
light must be provided for crop production. And therefore, the massive amounts of 
energy required to grow plants is considered as a major disadvantage for indoor farms 
(Specht et al., 2014).  
To be specific, a greenbox farming system is developed by VECNA (Cambridge, 
MA) and University of Connecticut as a novel idea of a self-contained, pallet-based 
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aquaponics system that could be automatically moved by pallet handling robots to yield 
a robust on-demand healthy food production in the warehouse or such buildings. In 
other word, the overall idea of this Greenbox framing system is to grow food crops in 
standard growth boxes (Greenboxes) with optimum environmental control, manage and 
operate many greenboxes in urban warehouse environment using computerized robotic 
facilities, and distribute food products to local network in pre- or postharvest conditions 
(Yang et al., 2017). In this study, this novel system is simplified as two components, 
urban warehouses and many individual grow boxes. For each of boxes, the climate is 
automatically controlled to provide the optimum growing conditions for specific plant 
species 
In conclusion, to meet the need of the world for a reliable, scalable, sustainable, 
and economically feasible approach to continuous food production, various facilities, 
technologies or structures of protected agriculture have been constantly established and 
developed for centuries. Technologies of some of these structures are mature enough, 
so they have already been fully developed and applied in the real-world food industry. 
One best example of it is the worldwide application of greenhouse industry. However, 
other structure, such as greenbox system, is just established with initial conception and 
design, problems, like major technical considerations of a protocols, are therefore, 
require further research. 
3.2 Technologies for greenhouse climate control  
In order to meet the requirements of providing protected cultivation for crop in 
various regions or season, different technologies are selected in the specific 
greenhouse to achieve optimum growth. 
10 
 
 
3.2.1 Structures  
The shape of greenhouses is able to influence the internal climate temperature, 
humidity and light transmission (Von Zabeltitz, 1999). Von Zabeltitz (1999) provided six 
most frequent shapes for greenhouse design, including saddle roof, saw-tooth or shed 
roof, round-arched tunnel, round arch with vertical side wall, pointed arch with sloping 
side wall and pointed arch with vertical side wall (Figure 2.12; Von Zabeltitz, 1999). 
Among these six common structures, the arched roof with straight sidewall is possibly 
the most common shape for a greenhouse. As for tall crops, straight side wall structures 
instead of hoop structures will be more suitable, and a hoop greenhouse is ideal for low 
growing crops (Jensen and Malter, 1995).  
3.2.2 Insultation 
The common glazing materials used for greenhouse insulation include glass, 
plastic sheeting plastic film.  Glass is a long-tradition covering with favorable properties 
including high transmission in the photosynthetically active radiation (PAR) bandwidth, 
good heat retention at night, low transmission of UV light, durability and low 
maintenance costs. Sheeting products are more durable than plastic films and have 
fairly good heat retention, good initial transmission in the PAR range and low UV light 
transmission. Essentially there are three materials in this category - polycarbonate, 
acrylic (polymethyl methacrylate) and fiberglass. Films are the most common and 
lowest cost type of covering material. The types of film available are polythene 
(polyethylene), EVA (ethyl vinyl acetate) and PVC (poly vinyl chloride). Coverings can 
have a variety of additives which are used to give plastic films many specific useful 
properties. These additives include UV (290-400 nm) absorbers and stabilizers, infrared 
11 
 
 
(700-2500 nm) absorbers, long wave radiation (2500-40000 nm) absorbers, light 
diffusers, surfactants, antistatic agents, color pigments and fluorescence (Von 
Zabeltitz,1999). Besides, many other technologies are conducted for better insulation, 
including double-plastic cover, mobile thermal screens, movable curtain insulation 
systems, and vacuum glazing (Short et al., 1977; Bailey, 1980; Meyer, 1980; Roberts et 
al., 1980).  
3.2.3 Greenhouse heating 
For cold season in most regions, extra heat is required to be introduced into the 
greenhouse to maintain favorable temperature in such conditions. As early as 17th 
century, a number of stoves served as heating system for greenhouse. In the 18th 
century, people used ducts to transfer heat from stoves by coal burning into the 
greenhouse. These ducts were located in the wall or the floors of the greenhouses. At 
the same time, steam was also introduced by ducts to heat greenhouses. In the 19th 
century, a hot water boiler burnt by coal with a circuit of hot water pipes was firstly 
utilized to heat greenhouse. This was the initial form of heating system consisting of a 
fuel burner, heat exchanger, distribution system. When it came to 20th century, oil and 
natural gas such as methane became to be energy source for the common heating 
systems including central hot boiler and hot heating pipes (Jensen and Malter, 1995). 
Except for traditional heating systems making use of fossil fuels to bring heat load for 
greenhouse, many other energy-saving and advanced heating technologies using solar 
energy or other alternative heat sources were also innovated and developed, including 
heat exchanger systems, ground air collectors, photovoltaic (PV) modules, solar thermal 
collectors, heat pumps, etc.  
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The heat exchanger system can take advantage of heat storage ability of soil and 
fully use the stored energy to heat the incoming air to achieve heating effects for 
greenhouses (Scott, 1965; Gauthier et al., 1997; Ghosal et al., 2005). 
PV modules have characteristic of directly converting the sunlight into electricity 
according to the photovoltaic effect inside them (Kumar et al., 2015). Therefore, with the 
PV modules, the electricity produced could be used on heating system and 
supplemental lighting for the conventional greenhouses, and so the requirement of 
electricity and electricity cost could be reduced, and the solar energy can be used more 
efficiently (Sethi and Pal, 2013; Chow, 2010). 
Solar thermal collectors are components to collect heat by absorbing solar 
radiation, then the stored excessive heat can be used for directly heating, drying or 
generating electricity for other used by the combination with other complex systems 
particularly for energy converting. Solar thermal collectors can be used for heating and 
drying and can reduce the energy demand of the greenhouses at the same time. There 
are several forms of solar thermal collectors, including simple solar thermal collectors, 
flat plate solar thermal collectors and concentrating solar thermal collectors (Cuce et al., 
2016; Sonneveld et al., 2011; Kalogirou, 2004). 
Heat pumps have the unique characteristics of cooling/heating, drying and 
cogeneration simultaneously (Chua et al., 2010). The applications of heat pumps 
include ground source heat pumps, which can be divided as vertical ground source heat 
pump (VGSHP) and horizontal ground source heat pump (HGSHP), and solar and 
ground coupled heat pumps, which can be used for both heating and cooling purposes 
(Cuce et al., 2016; Benli, 2011). 
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3.2.4 Greenhouse cooling 
As for greenhouse cooling, there are, in general, three major aspects for the 
greenhouse cooling technology, involving ventilation, evaporative cooling and shading 
(Kumar, et al. 2009). 
Ventilation is an effective way to reduce the high greenhouse air temperature. It 
can replenish carbon dioxide supply and moderate the humidity conditions within a 
greenhouse as well. For some regions, it is possible to control the greenhouse air 
temperature at an appropriate range during spring and autumn seasons by providing 
adequate ventilation. The ventilation in a greenhouse could either be natural ventilation 
or forced ventilation. Fans, as a way of forced ventilation, are essential to have precise 
control over air temperatures, humidity, and carbon dioxide levels (Reddy, 2016) 
Evaporative cooling is the most effective cooling method to control the 
temperature inside a greenhouse. However, suitability of this method is limited, because 
for regions with high humidity such as humid tropics, its application can never be 
reached. As for evaporative cooling, fan-pad system, fog/mist system and roof 
evaporative cooling are three common methods for evaporative cooling (Kumar et al., 
2009). 
Fan-pad system can cool down the greenhouse air by low-velocity and large-
volume fans. Specifically, fans draw air through wet fibrous pads on the other side or 
end wall of the greenhouse. This system is adaptable to both large and small 
greenhouses. Either vertical or horizontal pads can be used in the fan-pad systems. The 
materials of pads mainly include viz., gravel, pine bark, straw, burlap, aspen wood fiber, 
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honeycomb paper, pumice and volcanic rock, etc. Among these materials, However, 
pumice and volcanic rock are most satisfactory (Reddy, 2016).   
Fog/mist system uses high pressure nozzle to spray water into the greenhouse 
air. And so, the inside temperature will be reduced as those water droplets. Fogging can 
also be used to increase the relative humidity if needed (Kumar et al., 2009). 
The other way of the greenhouse cooling technology worth mentioning is 
shading. Shading is a feasible option for greenhouse by blocking out useless radiation 
or light. However, it could influence the incident of photosynthetically active radiation 
(PAR) which is crucial for photosynthesis. Rational use of shade net with different 
perforated mesh sizes will benefit greenhouse cultivation (Kumar et al., 2009). By the 
way, conserving the energy consumption of greenhouse by increasing the insulation 
property and decreasing transmittance of glazing and roofs to reduce night radiant heat 
loss is also an inconvenient advantage of shading, although these two benefits cannot 
occur at the same time (Cohen et al., 1999). 
3.3 Greenhouse microclimate modelling 
3.3.1 Physical exchange processes of greenhouse 
Understanding of physical energy processes of greenhouse is a basic premise to 
establish a greenhouse model. Bot et al. (1983) considered greenhouse climate as the 
set of environmental conditions, and for each part, the physical energy processes were 
described.  
Shortwave irradiation  
According to Bot et al. (1983), the first kind of interaction of components of 
greenhouse is regarding to the shortwave radiation. The source of outside energy for 
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cover or even the whole greenhouse is the outside global irradiation, which is 
independent of the greenhouse and so can be considered as a boundary condition. It 
reaches the cover as direct or diffuse outside irradiation and then is transmitted, 
absorbed or reflected by the cover of greenhouse. The transmitted part is first partly 
absorbed by the vegetation canopy and then some part will reach the soil and be 
absorbed there. There is also inter-reflection between the canopy and the cover, 
between the canopy and the soil and between the cover and soil and finally, this 
shortwave irradiation within the greenhouse is considered as an effective absorption by 
the cover, canopy and soil and a total reflection from the whole greenhouse. 
Radiative longwave exchange  
The second kind of interaction is longwave thermal radiation exchanged. The 
longwave radiation from outside environment is represented by the longwave radiation 
from the sky which has an effective temperature. The longwave radiation exchange 
between cover and sky, cover and canopy, cover and soil and between cover and 
heating facilities can all be calculated by the Stephan-Boltzman equation. Additionally, 
the mutual interaction of the inside element, for instance, canopy and soil, canopy and 
heating facilities, heating facilities and soil can also be computed by the Stephan-
Boltzman equation under consideration of view factors and emission factors. 
Convection  
Convection of greenhouse includes following non-radiant exchange processes: 
heat and water vapor flow from the greenhouse air to the cover, the heat flow from the 
cover to the outside air, the heat flow from the heating pipes to the greenhouse air, the 
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heat and vapor flow (evaporation) from the soil surface to the greenhouse air and the 
heat and vapor flow (transpiration) from the plant leaves to the greenhouse air. 
The cover exchanges heat with both sides by convection, which is characterized 
by the heat transfer coefficients on both sides and forced by the temperature difference 
between cover and air on each side. There is one important thing needed to pay 
attention to that the convective heat transfer on the outside of cover should not be 
considered together with the radiative longwave heat transfer as mentioned before.  
Direct heat and mass transfer 
Besides the convective heat and mass transfer, the direct heat and mass transfer 
due to the existence of ventilation in the greenhouse or cracks and leaks should also be 
taken into account. This ventilation heat and mass transfer is generated by volumetric 
air exchange and the temperature and water vapor difference between the in- and 
outside environment. 
All these heat and mass transfer for different greenhouse components are 
characterized by different heat coefficients and mass transfer coefficients (for water 
vapor flow). For soil, the water vapor flow can be neglected, however the heat transport 
must be taken into account. The heat flow in the soil is conducted from high 
temperature to low temperature, so it is calculated from the tempera8ture gradient and 
heat conductivity in the soil. In some cases, people define temperature at different depth 
as to demonstrate that temperature gradient and calculate heat transport in the soil. If 
the inside cover temperature or the leaf temperature or the soil surface temperature is 
lower than the dew point temperature of the inside air, condensation with latent heat 
flow will occur.  
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3.3.2 Evaporative processes in the greenhouses 
Thanks to the determination of using model simulation to investigate the 
energetic performance of greenbox system to grow crops (mentioned in chapter 1), crop 
evapotranspiration is a needed in the simulation progress.  
According to Allen et al. (1998), evapotranspiration (ET) is the combination of two 
separate processes whereby water is lost.  One is evaporation and the other one is 
transpiration. Evaporation is the process whereby liquid water is converted to water 
vapor (vaporization) and removed from the evaporating surface (vapor removal). 
Transpiration consists of the vaporization of liquid water contained in plant tissues and 
the vapor removal to the atmosphere. For crops, they predominately lose their water 
through stomata. However, there is no easy way of distinguishing between the two 
processes., as evaporation and transpiration occur simultaneously. 
There are various methods to estimate ET rate in greenhouses, and among 
those methods, indirect measurement of ET refers to estimation of ET using 
microclimate data. Finding one appropriate indirect method is required in this study.   
Since 1948, when the first combined (evaporation and transpiration) method for 
evapotranspiration calculation was developed by Penman, there have been well-
accepted ten models developed in greenhouse, in general. These models include FAO 
Penman model (1977), FAO Penman-Monteith model (1998), FAO radiation model 
(1975), Priesley Taylor model (1972), Hargreaves model (1985), Stanghellini model 
(1987), Fynn model (1993), energy balance equation (2005), simplified model (1994) 
and Penman-Monteith screen-house model (2004) (Fazlil-Ilahil, 2009; Doorenbos and 
Pruitt, 1977).  
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In general, these 10 ET models can be divided in to two groups. The first group is 
what we can call empirical models. As although they indeed take into account the 
important factors on ET, such as solar radiation, temperature and humidity conditions, 
these empirical models are usually developed based on data and analysis for a specific 
region during a specific time period. In other word, these empirical models may not 
always ne accurately applied for other time period and regions. The other group is 
called physical model, which based on energy balances and combination of different 
physical theories in the ET processes. The physical models include FAO Penman 
model, FAO Penman-Monteith model, Stanghellini model, Fynn model, Penman-
Monteith screen-house model and energy balance equation (Fazlil-Ilahil, 2009).  
FAO Penman model is given by Doorenbos and Pruitt in 1977. It is an improved 
Penman model (1948) in which the wind function is more sensitive than the previous 
model. However, this FAO Penman method was found to frequently overestimate the 
reference ET later, other improved models are further required (Fazlil-Ilahil, 2009; Allen 
et al., 1998; Hargreaves et al., 1985).  
The FAO Penman-Monteith model is a standard as the methods for modeling 
evapotranspiration by The United Nations Food and Agriculture Organization (FAO). It 
is also the most precise method to estimate reference evapotranspiration. It can closely 
approximate short grass (Allen et al., 1989; Pereira et al., 2002; López-Urrea et al., 
2006; Xing et al., 2008; Sentelhas et al., 2010). Therefore, The FAO Penman-Monteith 
model has become the most fundamental model for ET estimation and other models 
based on this model were also developed. The more detailed discussion of the FAO 
Penman-Monteith model will be presented in Section 4.5 later.  
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Stanghellini model is a revised version of the Penman-Monteith model. This 
model can represent greenhouse conditions or environment where air velocities are 
typically low (lower than 1 𝑚/𝑠). Besides, the Stanghellini model also include the 
internal and external resistance terms, and it uses a more complex calculation of solar 
radiation based on the empirical characteristics of short wave and long wave radiation 
absorption in a multi-layer canopy (Stanghellini et al., 1987; Fazlil-Ilahil, 2009).  
Fynn model is another revised model of the Penman-Monteith model. In this 
Fynn model, it is assumed that the air temperature and leaf temperature of canopy are 
equal, therefore, the required measurement is simplified. Another modification of Fynn 
model is it modifies the vapor pressure term with LAI as water vapor exchanges occur 
at all layer of the canopy, though the irradiative energy exchange only happens in the 
top most layer (Fynn et al., 1993; Fazlil-Ilahil, 2009). 
Energy balance equation is a simple heat equation based on the Penman-
Monteith model. this model can estimate ET from a plant canopy and the required 
measurement are incoming radiation downward and upward, air temperature and wind 
speed above the canopy. This model can be used in greenhouse conditions as well 
(Fazlil-Ilahil, 2009; Takakura et al., 2005; Takakura et al., 2009). 
The last revised Penman-Monteith model is developed by Möller et al., as the 
Penman-Monteith screen-house model (2004). This model includes an additional 
boundary layer resistance into the original model, as they consider the partial similarity 
between the screen-house environment and open field condition and so think the 
screen-house air is continuous with the lower atmosphere. Based on this consideration, 
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it is obvious Penman-Monteith screen-house model is suitable for screen-house-like 
environment (Möller et al., 2004; Fazlil-Ilahil, 2009).  
3.3.3 Plant growth in the greenhouse 
As for crops in the greenhouse, they could response to and modify the 
environment through the processes of transpiration, photosynthesis and respiration. 
Specifically, crops could interfere with the mass balance of 𝐶𝑂2, water vapor and the 
energy balance in the greenhouse. Therefore, to simulate a greenhouse system, the 
consideration of crop growth is required (Bakker, 1995).   
When it comes to the 'growth', it can be defined in various ways, including 
physical height, fresh weight, dry weight, amount of nitrogen taken up, development 
state (such as LAI) and other sate variables at a specific time (Goudriaan and Van Laar, 
2012).  
However, the crop production process is a highly aggregated process that it is 
difficult to describe its overall response and influence by means of simple and general 
relations. Thus, to deal with this complexity, in many research, the production process 
was divided into subprocesses and related state variables, such as 𝐶𝑂2 assimilation, 
weight accumulation, state variables changes and so on (Bakker, 1995; Pollet et al., 
1998; Lee, 2002).   
3.3.4 Greenhouse models 
Based on the previous introduction of physical processes in greenhouses, it is 
obvious that the greenhouse environment is a complex dynamical system. Traditionally, 
there are two different approaches to describe the greenhouse systems (Ponce et al., 
2014): 
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1. Approaches based physical equations (i.e., energy and mass flows equation) 
describing the processes. 
2. Approaches based on the analysis of input-output experimental data from the 
process by using a system identification approach 
For the latter approaches, linear and non-linear techniques, such as the recursive 
least squares algorithms and neural networks, are used to tune the parametric models 
for greenhouse (i.e., Black-box Linear Parametric Models and Black-box Non-linear 
Parametric Models). As the experimental input and output are be used to establish 
greenhouse models of this type, they are often used for control tasks purpose (Challa et 
al., 1980; Udink ten Cate, 1980; Cunha, 2003; Cunha et al., 2000; Coelho et. al, 2002). 
And for the former approaches, several model types can be achieved. First, the 
static models or steady-state models for greenhouse climate were developed both 
based physical equations. A static model is a set of equations that relate several 
aspects that occur at a time when, essentially, the system is balanced. For those 
existing models in this type, they divide the greenhouse into different elements, model 
the heat and mass flues among these elements and finally generate heat and mass 
balance for each element. As the assumption that the heat storage capacity of the 
system is negligible is implicit in all models of this type, the greenhouse is considered to 
adjust immediately to changes in the external conditions. In other word, the greenhouse 
is assumed to be always balanced, therefore this type of models are static or steady-
state models (Walker, 1965; Selcuk, 1971; Kimball, 1973; Takami and Uchijima, 1977; 
Kindelan, 1980; Castilla, 2013).  
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Another type of models based on physical-equation approach is the dynamic 
greenhouse climate model. Different from the steady-state model, a dynamic model can 
incorporate the time variables by incorporating the 1st-order expression physical 
balance equations with time on various elements. With the help of the appropriate 
mathematical solution approaches (i.e., Runge–Kutta method) and the calculation of 
computer, it is possible to solve the dynamic process as a new set of conditions can be 
calculated each time the computer cycles through its run time. So, these models are 
necessary when a process whose response is slow is represented, such as the heating 
of the soil, and variables during different process are required to be estimated. In 
general, these dynamic models can be used to predict the greenhouse microclimate 
with reasonable accuracy, such as net thermal radiation inside the greenhouse; 
temperatures of the internal air, plant canopy and floor surface; physical factors of 
spatial distribution of air temperature, air humidity, leaf temperature and PAR; dynamic 
environments of net photosynthetic and  evaporation  rates; sensible  and  latent  heat  
transfer  rates and comparative performance of different configurations of greenhouse 
(Kindelan, 1980; Price and Peart, 1973; Takami and Uchijima, 1977b; Takakura, 1968; 
Takakura et al., 1971; Bot et al., 1977; Van Bavel and Damagnez, 1978; Sadler, 1978; 
Van Bavel et al., 1980; Bot, 1980; Glaub and Trezak, 1981; Parker et al., 1981; 
Chandra et al., 1981). 
One simple but special greenhouse simulation model needs to be mentioned 
here, as it was still a model based on physical principles of greenhouse but considered 
the greenhouse to be one simple unit to simulate it, didn’t handle it as the set of 
environmental conditions. Fitz-Rodríguez, et al. (2010) implemented the simulation into 
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a generic model aiming at predicting or analyzing the behavior of a wide range of 
greenhouse designs on different climate conditions. They investigated and established 
a dynamic greenhouse environment model describing the dynamic behavior of the 
greenhouse environment (inside global radiation, air temperature, and air moisture 
content) during a 28-h interval, which was able to apply in various and assigned 
greenhouse design configurations and geographic locations (i.e., AZ, FL, OH, VT in the 
United States), and further compiled the simulation model in a web-based interactive 
application for educational purposes. The reader is referred to the work of Fitz-
Rodríguez et al. (2010) for detailed descriptions. 
3.4 Energy/water use in protected agriculture 
Protected agriculture is able to improve the quality and productivity of crops, 
however, overuse of agrochemicals for plant production and fossil fuel for heating in 
winter and/or electricity use for cooling in summer results in excessive emission of 
environmental pollutants and consumption of energy and water (Ozkan et al., 2004). In 
order to evaluate and improve the protected agriculture, research has been 
accomplished to evaluate or just review the resource use (energy or water) in plant 
production.  
Kozai (2013) reviewed the definition and characteristics of the ‘closed plant 
production system with artificial light’, mainly in terms of the use efficiencies of water, 
CO2 and light energy. They found that use efficiencies of such systems are 
considerably higher than in the greenhouse. Shamshiri et al. (2018) reviewed several 
high-tech CEA systems including improvements in the frame and covering materials, 
environment perception and data sharing, and advanced microclimate control and 
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energy optimization models. Obviously, consideration of energy/water use is important 
to evaluate the improved systems. 
In summary, there have been different facilities, technologies or structures for 
protected agriculture, including greenhouses and greenbox systems. For study of 
greenhouse, various technologies to achieve their microclimate control have also been 
studied sufficiently. Besides, to study the optimization of greenhouses, the physical 
processes of greenhouse, including evapotranspiration, have been studies and applied 
into greenhouse models. Besides, those greenhouse models and other approaches for 
other protected agriculture have also been used and reviewed to investigate the energy 
and water use of such systems. However, there is few studies on greenbox system and 
the evaluation and analysis of their performance based on energy/water use, therefore 
further study is required to assess the analysis for the greenbox systems. 
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Chapter IV Methods 
4.1 Introduction  
The dynamic mathematical simulation models for both greenhouse system and 
greenbox system were established to simulate state variables of the two systems 
(temperature and relative humidity). These variables can be expressed as a function of 
dynamic environmental factors, such as global radiation, outside temperature, outside 
humidity conditions, operating state of controlled heating facility and ventilation, and 
crop evapotranspiration rate. 
 The dynamic simulation models were developed from basic energy balance and 
mass balance equations. By using the Penman-Monteith equation, the crop 
evapotranspiration rate was estimated and included in balance equations. The 
greenhouse, greenbox system and crop characteristics used in the simulation models 
are presented in section specifically for parameterization.  
The models of greenhouse and greenbox systems were used to simulate 
appropriated scenarios to grow the same amount of lettuce under various operational 
strategies for two systems in winter and summer, so that the energy and water 
consumption for both systems will be derived and compared. This chapter discussed 
the basic theoretical physical principles and employed techniques, as well as required 
assumptions for both systems and process analysis.  
4.2 Description of the system structures 
4.2.1 Greenhouse structure 
As introduced in section 3.2, the necessary facilities to control greenhouse 
climate include a basic structure with glazing, a heating system, ventilation and 
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cultivated crops. In this study, the LED lighting facility is also included in the system to 
provide supplemental light, due to the consideration of insufficient solar radiation in 
winter.  
To parameterize the greenhouse structure, I referred to Fitz-Rodríguez et al. 
(2010) research, as generic models for a wide range of greenhouse designs on different 
climate conditions with specific design and parameters can be found there.  
 
 
 
Figure 4.1 2D profile of the A-frame greenhouse. The length of the ground surface is 30 (m). 
(a) –(e) stand for various components in the greenhouse. (a) the heating system, (b) 
LED lighting facility, (c) ventilation, (d) opening for infiltration, (e) cultivated crop.                                 
 
Figure 4.1 shows the cross section of the greenhouse. The necessary 
components in the greenhouse are shown in Figure 4.1(a)-(e). (a) is the heating system, 
(a) 
(b) 
(c) 
(d) 
(e) 
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(b) is LED lighting facility, (c) is ventilation, (d) is opening for infiltration, (e) is cultivated 
crop. The roof of the greenhouse is selected as A-frame, and the sidewalls are vertical. 
For the cross section of the greenhouse, the length is 10 m, the height of side wall is 4 
m and the height of roof is 2.3 m. For the ground surface of greenhouse, the length and 
width is 30 m and 10 m, respectively. In this study, the growing area is assumed to be 
same as the ground surface area, so it is 300𝑚2. More details about other parameter 
characteristics will be introduced in section 4.6.2. 
4.2.2 Greenbox structure  
According to aforementioned introduction and review (section 1 and 3.1), a 
greenbox system is assumed to consist of an urban warehouse and specific number of 
grow boxes. For each box, the climate is automatically controlled to provide the 
favorable environment for plant growth via ventilation, heating facility and LED lighting 
facility.  
In this study, a rectangular solid structure made by cement walls is assumed to 
express the warehouse. A greenbox unit for crop to grow is assumed to be a cubic 
wood box, considering the cost and insultation properties of wood.  
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Figure 4.2 2D profile of the greenbox system. The left one is the profile of the warehouse and its 
contents, the length of the ground surface of the warehousue is 30 (m). The right one is the 
profile of one cubic greenbox unit. (a)-(c) stand for components in the warehouse, (d)-(g) stand 
for component in the box. (a) one greenbox unit, (b) the ventilation of warehouse, (c) opening 
for infiltration of the warehouse, (d) the heating facility in box, (e) LED lighting facility in box, (f) 
the ventilation in box, (g) the cultivated crop in box. 
 
Figure 4.2 shows the cross section of the greenbox system, in both warehous 
level (left) and one greenbox unit level (right). The components in greenbox system are 
shown in Figure 4.2(a)-(g). (a) is one greenbox unit, (b) is the ventilation of warehouse, 
(c) is opening for infiltration of the warehouse, (d) is the heating facility in box, (e) is LED 
lighting facility in box, (f) is the ventilation in box, (g) is the cultivated crop in box.  
For the warehouse (left), the length, width and height and is 30 m, 10m and 8m, 
respectively. To make sure to cultivate the same amount of cultivated crops in 
greenhouse and greenbox system, the total ground surface area (still assumed to be 
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
(g) 
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same as growing area) of all boxes should be same as that of greenhouse (300𝑚2). In 
other word, there are totally 300 greenbox units (1𝑚3/𝑒𝑎𝑐ℎ) in the warehouse. These 
boxes are laid into two layers in the warehouse. For each layer, there are 6 boxes at 
this cross section. At the other side of cross section, there are 25 boxes for each layer 
For the cross section of the cubic greenbox unit (right), the side length is 1 m. 
Similarly, detailed information on the parameterization of two systems will be 
discussed later (section 4.6.2). 
4.3 Energy exchange processes with environment for two systems 
Energy balance equations in both systems are required to establish simulation 
models. Especially, for greenbox system, the energy balance is expressed as an 
equation set for both greenbox unit and warehouse, which needs to be solved 
simultaneously. 
Note: Considering there are similar physical processes in greenhouses and 
greenbox system, to make the equations clear to readers, variables with system-specific 
subscripts and physical-specific superscripts will be described and used in following 
equation expressions.   
4.3.1 Energy exchange processes for greenhouse  
Previous contents on physical processes in section 3.3.1. has already introduced 
physical processes within a greenhouse system. In this study, some assumptions were 
made to simply the simulation model. 
These assumptions include following ones: the net longwave radiation emitted or 
absorbed by crops, system structure and glazing is ignored, as the magnitude of the 
radiation emitted by each of these components is of the same order and they can 
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compensate for each other. The heat stored by soil is ignored as well, as a hydroponic 
system, not soil, is used for crop cultivation. 
 
            
Figure 4.3 Energy fluxes within the greenhouse 
 
Figure 4.3 shows the energy fluxes within the greenhouse. The energy source for 
the greenhouse include radiative gain from global radiation for the greenhouse, 𝑄𝑟
𝑔
; the 
thermal energy provided by the heating facility of the greenhouse, 𝑄ℎ
𝑔
; and the total 
energy provided by greenhouse LED lighting facility, 𝑄𝑙
𝑔
. The heat losses of system 
(greenhouse) include heat loss (sensible heat) by greenhouse infiltration and ventilation, 
𝑄𝐼𝑉
𝑔
; heat loss through greenhouse structures, 𝑄𝑠
𝑔
 and the crop evapotranspiration 
energy cost in the greenhouse, 𝑄𝑒
𝑔
. As mentioned at the beginning of this section (4.3), 
the subscript for each variable is used to distinguish the system, so in this part of 
greenhouse, they are all “g”, meaning “greenhouse”. The superscripts show the physical 
𝑄𝑟
𝑔
 
𝑄ℎ
𝑔
 
𝑄𝑙
𝑔
 
𝑄𝑒
𝑔
 
𝑄𝑠
𝑔
 
𝑄𝐼𝑉
𝑔
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substance of variable. For instance, on variable 𝑄𝑟
𝑔
, that “r” stands for the incident 
radiation term. (unit of all above variables is 𝑊) 
Finally, the energy balance equation for greenhouse is 
∆𝑄 = (𝑄𝑟
𝑔 + 𝑄ℎ
𝑔 + 𝑄𝑙
𝑔 − 𝑄𝐼𝑉
𝑔 − 𝑄𝑠
𝑔 − 𝑄𝑒
𝑔) ∙ ∆𝑡………… (4.1)       
where ∆𝑄 is the net energy gain within the greenhouse (𝐽) in ∆𝑡 time period (𝑠).                                                                                                                                              
4.3.2 Energy exchange processes for greenbox system  
The energy balance equations could be expressed in two components in the 
greenhouse system, one is for greenbox itself, the other is for warehouse. Same 
assumptions of energy flux on greenhouse are also applicable in this greenbox system 
here. 
 
 
Figure 4.4 Energy fluxes within the greenbox system, left one is in warehouse level, right one is 
in box level. 
 
Figure 4.4 shows the energy fluxes of the greenbox system. At warehouse level, 
the only energy source for the warehouse is the energy gain from all boxes, 𝑄𝑏. The 
heat losses of the warehouse include heat loss (sensible heat) by infiltration and 
𝑄𝑠
𝑏 
𝑄𝑏 
𝑄𝐼𝑉
𝑤  
𝑄ℎ
𝑏 
𝑄𝑙
𝑏 
𝑄𝑒
𝑏 
𝑄𝐼𝑉
𝑏  
𝑄𝑠
𝑤 
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ventilation, 𝑄𝐼𝑉
𝑤  and heat loss through the structure of the warehouse, 𝑄𝑠
𝑤. At greenbox 
unit level (box level), the energy source for each box include the thermal energy 
provided by the heating facility in the box, 𝑄ℎ
𝑏 and the total energy provided by LED 
lighting facility inside the box, 𝑄𝑙
𝑏. The heat losses of the box include heat loss (sensible 
heat) by infiltration and ventilation, 𝑄𝐼𝑉
𝑏 , heat loss through the structure of the box,  𝑄𝑠
𝑏 
and the crop evapotranspiration energy cost in the box, 𝑄𝑒
𝑏. (unit of all above variables 
is 𝑊) 
Therefore, the energy balance equation set for greenbox system is 
∆𝑄𝑤 = (𝑄𝑏 − 𝑄𝐼𝑉
𝑤 − 𝑄𝑠
𝑤) ∙ ∆𝑡………… (4.2) 
     ∆𝑄𝑏 = (𝑄𝑙
𝑏 + 𝑄ℎ
𝑏 − 𝑄𝐼𝑉
𝑏 − 𝑄𝑠
𝑏 − 𝑄𝑒
𝑏) ∙ ∆𝑡………… (4.3) 
where ∆𝑄𝑤 and ∆𝑄𝑏 are net energy gain within warehouse and greenbox unit (𝐽), 
respectively, during time period ∆𝑡. 
As introduced in section 3.3.3, to incorporate time in the model to estimate state 
variable at different time, a dynamic model required. In this study, therefore, dynamic 
models will be established based on those energy balance equations.  
4.3.3 Dynamic model of greenhouse (energy apart) 
Assume air temperature and absolute humidity within greenhouse (greenbox 
system as well) has homogeneous properties, the energy part of the dynamic model for 
the greenhouse could be described by the following first-order differential equation 
based on equation (4.1):  
𝑑𝑇𝑖
𝑔
𝑑𝑡
=
1
𝑐𝑝∙𝜌∙𝑉𝑔
(𝑄𝑟
𝑔 + 𝑄ℎ
𝑔 + 𝑄𝑙
𝑔 − 𝑄𝐼𝑉
𝑔 − 𝑄𝑠
𝑔 − 𝑄𝑒
𝑔) ………… (4.4)                                                                                                                                                                                      
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where 𝑇𝑖
𝑔
 is the inside temperature of greenhouse (𝐾), 𝑉𝑔 is the volume of the 
greenhouse (𝑚3), 𝑐𝑝 and 𝜌 are parameters, the specific mass of air (𝑘𝑔𝑑𝑟𝑦 𝑎𝑖𝑟𝑚
−3), and 
the specific heat of moist air (𝐽𝑘𝑔−1𝐾−1),                                                                                                    
The radiative gain for the greenhouse (W), 𝑄𝑟
𝑔
, was expressed as:  
𝑄𝑟
𝑔 = 𝑄𝑟
𝑜 ∙ 𝜂 ∙ 𝐴𝑓𝑙
𝑔
………… (4.5)                                                                                                               
where 𝑄𝑟
𝑜 is the outside global radiation (𝑊𝑚−2), 𝜂 is the solar heating efficiency of the 
greenhouse (𝜂 is calculated by cover transmittance times the ground and vegetation 
overall obsorption), with the value 0.65 for single cover (Boulard and Baille, 1993),  𝐴𝑓𝑙
𝑔
 
is the ground surface area of the greenhouse (𝑚2). 
Thermal heat provided by the heating system within greenhouse (W), 𝑄ℎ
𝑔
, is 
defined by the predefined heating capacity of the operating heating facility (W), 𝐻𝑐𝑎𝑝
𝑔
. At 
different conditions, the heating facility will work at various levels with consequent 
predefined heating capacity, this will be discussed in section 4.6.2.2 later. 
The total energy provided by LED supplemental lighting facility within the 
greenhouse (W), 𝑄𝑙
𝑔
,  is considered in following steps: 
1) Considering the characteristic of LED lighting, the energy provided by LED 
lighting facility inside any system (𝑊𝑚−2), 𝑄𝐿𝐸𝐷, can be first divided into the light 
radiation part (𝑊𝑚−2), 𝑄𝐿𝑅, and thermal part (𝑊𝑚
−2), 𝑄𝐿𝑅.  The light radiation part 
provides required shortwave radiation for lettuces to grow in such system, and heat part 
comes correspondingly with light in the LED lighting facility because of heating effect of 
LED bulbs. Ahn, et al. (2015) found that for the high-efficiency LEDs, they convert 
nearly 15%–25% of electric power to visible light, while the rest is transformed into heat. 
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The LED lighting in their experiment was selected as the lighting facility for this 
research, then the heat generated by LED lighting can be expected to form a regression 
line with 3.6% of standard error as following: 
𝑄𝐿𝐻 = 0.781𝑄𝐿𝐸𝐷………… (4.6)                                                                                                                                                                                                                                                   
𝑄𝐿𝑅 = 0.219𝑄𝐿𝐸𝐷………… (4.7)                                                                                                                                                                                                                                        
2) Assmue the thermal management system in Ahn, et al. (2015) experiment is 
also used between the simulation system and outside environment, the LED lighting 
heat contribution rate for internal heat gain was determined as 0.05, as a result, the 
relationship between the total electric power of the LED facility (𝑊𝑚−2), 𝑄𝐿𝐸𝐷, and the 
energy provided by LED lighting facility left inside any system (𝑊), 𝑄𝑙, is as following:  
𝑄𝑙=(0.219 + 0.05)𝑄𝐿𝐸𝐷 ∙ 𝐴𝑓𝑙 = 0.269𝑄𝐿𝐸𝐷 ∙ 𝐴𝑓𝑙………… (4.8)                                                                                                                                  
where 𝐴𝑓𝑙 is the ground surface area of the selected simulation system (𝑚
2).     
Therefore, for greenhouse system,  
𝑄𝑙
𝑔 = 0.269𝑄𝐿𝐸𝐷
𝑔 ∙ 𝐴𝑓𝑙
𝑔
………… (4.9)           
where  𝑄𝐿𝐸𝐷
𝑔
 is the total electric power of the LED supplemental light facility in the 
greenhouse (𝑊𝑚−2). The parameterization of it will be discussed later in section 4.6.2.                                                                                           
The energy exchange (sensible heat) by infiltration and ventilation of the 
greenhouse (W), 𝑄𝐼𝑉
𝑔
, was expressed: 
𝑄𝐼𝑉
𝑔 = 𝑞𝑣
𝑔 ∙ 𝐴𝑓𝑙
𝑔 ∙ 𝜌 ∙ 𝐶𝑝 ∙ (𝑇𝑖
𝑔 − 𝑇𝑜
𝑔) ………… (4.10)                                                                                             
where 𝑞𝑣
𝑔
 is the air exchange rate of greenhouse (when ventilation is turned off, this 
term stands for infiltration rate or leaking rate) (𝑚3𝑚−2𝑠−1), 𝑇𝑖
𝑔 − 𝑇𝑜
𝑔
 defines the air 
temperature difference (𝐾) between inside and outside the greenhouse, respectively.  
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The heat loss through the structure of the greenhouse (𝑊), 𝑄𝑠
𝑔
, is expressed as: 
𝑄𝑠
𝑔 = 𝑘 ∙ (𝑇𝑖
𝑔 − 𝑇𝑜
𝑔)  ∙ 𝐴𝑔𝑙
𝑔
………… (4.11)                                                                                                  
where 𝑘 is the overall heat transfer coefficient of greenhouse glazing (𝑊𝑚−2℃−1), 𝐴𝑔𝑙
𝑔
 is 
the total area of the greenhouse glazing surface (𝑚2). 
The evapotranspiration energy losses inside the greenhouse (W), 𝑄𝑒
𝑔
,  is 
expressed as:  
𝑄𝑒
𝑔 = 𝐿 ∙ 𝐸𝑔 ∙ 𝐴𝑝𝑙………… (4.12)                                                                                                                            
where L is the latent heat of vaporization of water (𝐽𝑘𝑔−1),  𝐸𝑔 is the crop 
evapotranspiration rate within the greenhouse (𝑘𝑔𝑚−2𝑠−1), 𝐴𝑝𝑙 is the area of the 
planting area of the simulation system. In this study, the area of the planting area (𝐴𝑝𝑙) 
is assumed to be equal to the ground surface area of the greenhouse (𝐴𝑓𝑙
𝑔
), that is, all 
ground surface is all covered by crop planting. So,  
𝑄𝑒
𝑔 = 𝐿 ∙ 𝐸𝑔 ∙ 𝐴𝑓𝑙
𝑔
………… (4.13)                                                                                                                                                                                                                                                        
4.3.4 Dynamic model of greenbox system (energy part) 
 Similar to greenhouse system, it is assumed that: 1) air temperature and 
absolute humidity within both warehouse and all box have homogeneous properties and 
2) the temperature, humidity, the operation condition of facilities and the growth 
conditions of all boxes are always same. Then, the energy part of the dynamic model for 
the greenbox could be described by the following two first-order differential equations 
and this equation set are required to be solved simultaneously, based on equation (4.2) 
and (4.3):  
 
𝑑𝑇𝑖
𝑏
𝑑𝑡
=
1
𝑐𝑝∙𝜌∙𝑉𝑏
(𝑄𝑙
𝑏 + 𝑄ℎ
𝑏 − 𝑄𝐼𝑉
𝑏 − 𝑄𝑠
𝑏 − 𝑄𝑒
𝑏)  ………… (4.14)       
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𝑑𝑇𝑖
𝑤
𝑑𝑡
=
1
𝑐𝑝∙𝜌∙𝑉𝑤
(𝑄𝐼𝑉
𝑏 + 𝑄𝑠
𝑏 − 𝑄𝐼𝑉
𝑤 − 𝑄𝑠
𝑤) ………… (4.15)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
where 𝑇𝑖
𝑏 is the inside temperature of the box (𝐾), 𝑉𝑏 is the total volume of all boxes 
(𝑚3), 𝑄𝑙
𝑏 to 𝑄𝑒
𝑏 are sum of these variables for all boxes (𝑊). 𝑇𝑖
𝑤 is the inside temperature 
of warehouse (𝐾) and 𝑉𝑤 is the volume of warehouse (𝑚
3). 
Similar to greenhouse, the total energy provided by all LED lighting facility left 
inside the all greenboxes (𝑊), 𝑄𝑙
𝑏, can be expressed as 
𝑄𝑙
𝑏 = 0.269𝑄𝐿𝐸𝐷
𝑏 ∙ 𝐴𝑓𝑙
𝑏 ………… (4.16)           
where  𝑄𝐿𝐸𝐷
𝑏  is the total electric power of the LED supplemental light facilities in all 
greenboxes (𝑊𝑚−2), 𝐴𝑓𝑙
𝑏  is the total ground surface area of all greenboxes (𝑚2).     
The total thermal energy provided by all heating systems inside all greenboxes 
(𝑊), 𝑄ℎ
𝑏, is also calculated from sum of the predefined heating capacity of the all 
operating heating facilities (𝑊), 𝐻𝑐𝑎𝑝
𝑏 . Heating facility in each box is also assumed to 
operate at the same mode at each time interval with same heating facility, and so this 
total predefined heating capacity of all heating facilities in all greenboxes will work at 
various levels under different conditions.  
The total thermal energy provided by all heating systems inside all greenboxes 
(𝑊), 𝑄𝐼𝑉
𝑏 , is expressed as following: 
𝑄𝐼𝑉
𝑏 = 𝑞𝑣
𝑏 ∙ 𝐴𝑓𝑙
𝑏 ∙ 𝜌 ∙ 𝐶𝑝 ∙ (𝑇𝑖
𝑏 − 𝑇𝑖
𝑤) ………… (4.17)                                                                                                                                                                                                                    
where 𝑞𝑣
𝑏  is the air exchange rate of greenboxes (𝑚3𝑚−2𝑠−1) (assume this rate is 
always the same for all boxes). 
The total heat loss through the all greenbox structures (𝑊), 𝑄𝑠
𝑏, can be 
expressed as following: 
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𝑄𝑠
𝑔 = 𝑘1 ∙ (𝑇𝑖
𝑏 − 𝑇𝑖
𝑤)  ∙ 𝐴𝑔𝑙
𝑏 ………… (4.18)                                                                                                                                                                                                                     
where 𝑘1 is the overall heat transfer coefficient of greenbox structure (𝑊𝑚
−2℃−1), 𝐴𝑔𝑙
𝑏  is 
the total area of the all greenbox surface (𝑚2). 
For the total crop evapotranspiration energy losses inside all greenboxes (W), 
𝑄𝑒
𝑏, the area of the planting area (𝐴𝑝𝑙) is assumed to be equal to the total ground 
surface area of all grow boxes (𝐴𝑓𝑙
𝑏 ), then according to equation (4.12), the expression 
of it is: 
𝑄𝑒
𝑏 = 𝐿 ∙ 𝐸𝑏 ∙ 𝐴𝑓𝑙
𝑏 ………… (4.19)                                                                                                                                                                                                                                                 
where 𝐸𝑏 is the total crop evapotranspiration rate within all greenboxes (𝑘𝑔𝑚
−2𝑠−1), it is 
same as the crop evapotranspiration rate in each box. 
The energy exchange (sensible heat) by infiltration and ventilation of the 
warehouse (W), 𝑄𝐼𝑉
𝑤 , can be expressed as following: 
𝑄𝐼𝑉
𝑤 = 𝑞𝑣
𝑤 ∙ 𝐴𝑓𝑙
𝑤 ∙ 𝜌 ∙ 𝐶𝑝 ∙ (𝑇𝑖
𝑤 − 𝑇𝑜
𝑤)  ………… (4.20)                                                                                                                                                                                                                 
where 𝑞𝑣
𝑤  is the air exchange rate of the warehouse, (when ventilation is turned off, this 
term stands for infiltration rate) (𝑚3𝑚−2𝑠−1), 𝐴𝑓𝑙
𝑤  is the ground surface area of the 
warehouse (𝑚2 ),  𝑇𝑖
𝑤 − 𝑇𝑜
𝑤 defines the air temperature difference (𝐾), between inside 
and outside the warehouse, respectively. In this study, we assume the external 
environment for two systems (greenhouse and greenbox system) are the same. That is, 
𝑇𝑜
𝑔 = 𝑇𝑜
𝑤. 
The heat loss through the warehouse structure (W), 𝑄𝑠
𝑤, can be expressed as 
following: 
𝑄𝑠
𝑤 = 𝑘2 ∙ (𝑇𝑖
𝑤 − 𝑇𝑜
𝑤)  ∙ 𝐴𝑔𝑙
𝑔
………… (4.21)                                                                                                                                                                                                                   
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where 𝑘2 is the overall heat transfer coefficient of warehouse wall (𝑊𝑚
−2℃−1), 𝐴𝑔𝑙
𝑔
 is 
the area of the warehouse surface (𝑚2). 
4.4 Mass (water vapor) exchange processes with environment for two systems 
Mass balance equations are also component for simulation model, as humidity 
conditions in both systems are the control indexes of ventilation in the models, to ensure 
that inside humidity conditions are appropriated for lettuce to grow. Same as energy 
balance equation in the greenbox system, mass balance equations there are also an 
equation set including equation for both the warehouse and the greenbox and, so they 
are finally required to be solved simultaneously. 
4.4.1 Mass (water vapor) transfer processes in greenhouse  
Several assumptions are made for greenhouse and greenbox system. First, the 
crops are assumed to be cultivated on a hydroponic system and there is no extra facility 
for irrigation in the greenhouse, as a result, no other water vapor from irrigation 
progress. Second, as for the energy balance equation, the greenhouse system (all 
green box units) was dealt as a complete entirety, and so the potential assumption on 
this condition is that the temperature of every component within it is the same. In other 
word, the temperature of inside roof (box) is the same as temperature of inside air. As a 
result, condensation on the inside surface of glazing could be ignored. Besides, the 
evapotranspiration from the ground surface is also assumed to be negligible. As a 
result, the only water vapor source in the greenhouse is from crop evapotranspiration 
𝑀𝑒
𝑔
 (𝑘𝑔/𝑠), and the only water loss is due to the infiltration and ventilation, 𝑀𝐼𝑉
𝑔
 (𝑘𝑔/𝑠), 
as showed in figure 4.5. (unit of all above variables is 𝑘𝑔/𝑠) 
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Figure 4.5 Mass (water vapor) fluxes within the greenhouse. 
 
Therefore, the energy balance equation for greenhouse is 
∆𝑀 = (𝑀𝑒
𝑔 − 𝑀𝐼𝑉
𝑔 ) ∙ ∆𝑡 ………… (4.22)         
where ∆𝑀 is the net water vapor gain within the greenhouse (𝑘𝑔) in ∆𝑡 time period (𝑠).                                                                                                                                              
4.4.2 Mass (water) transfer processes in greenbox system  
 Same assumptions of greenhouse system for mass balance are suitable in both 
greenbox and warehouse. Thus, for each greenbox unit, the only water vapor source is 
the from crop evapotranspiration 𝑀𝑒
𝑏 and the only water loss is due to grennbox 
infiltration and ventilation, 𝑀𝐼𝑉
𝑏 . For warehouse, the only source is from the water vapor 
exported by all boxes, 𝑀𝑏, and the only water loss is due to warehouse infiltration and 
ventilation, 𝑀𝐼𝑉
𝑤 . The mass fluxes in the greenbox system can be seen in figure 4.6. (unit 
of all above variables is 𝑘𝑔/𝑠) 
𝑀𝑒
𝑔
 
𝑀𝐼𝑉
𝑔
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Figure 4.6 Mass (water vapor) fluxes within the greenbox system, left one shows them in 
warehouse level, right one is in box level. 
 
Consequently, the water balance equation set for greenbox is 
∆𝑀𝑏 = (𝑀𝑒
𝑏 − 𝑀𝐼𝑉
𝑏 ) ∙ ∆𝑡………… (4.23)         
∆𝑀𝑤 = (𝑀
𝑏 − 𝑀𝐼𝑉
𝑤 ) ∙ ∆𝑡………… (4.24)  
where ∆𝑀𝑏 and ∆𝑀𝑤 are net water vapor gain within all greenbox units and warehouse 
(𝐽), respectively, during time period ∆𝑡. 
4.4.3 Dynamic model of greenhouse (water vapor part) 
According to mass balance equation (4.22), the mass exchange in dynamic 
model of greenhouse could be expressed by a first-order differential equation as 
following: 
𝑑𝑊𝑖
𝑔
𝑑𝑡
=
1
𝜌∙𝑉𝑔
(𝐸𝑔 ∙ 𝐴𝑓𝑙
𝑔 − (𝑊𝑖
𝑔 − 𝑊𝑜
𝑔) ∙ 𝑞𝑣
𝑔 ∙ 𝐴𝑓𝑙
𝑔 ∙ 𝜌) ………… (4.25)                                                                                                                              
where 𝑊𝑖
𝑔 − 𝑊𝑜
𝑔
 defines the absolute humidity difference (𝑘𝑔𝑘𝑔𝑑𝑟𝑦 𝑎𝑖𝑟
−1
), between 
inside and outside the greenhouse, respectively.  
4.4.4   Dynamic model of greenbox system (water vapor part)  
𝑀𝑏  
𝑀𝐼𝑉
𝑤  
𝑀𝑒
𝑏  
𝑀𝐼𝑉
𝑏  
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According to section 3.4.2 (equation 4.23 and 4.24), the mass exchange in 
dynamic model of greenbox system could be expressed by two first-order differential 
equations as following: 
 
𝑑𝑊𝑖
𝑏
𝑑𝑡
=
1
𝜌∙𝑉𝑏
(𝐸𝑏 ∙ 𝐴𝑓𝑙
𝑏 − (𝑊𝑖
𝑏 − 𝑊𝑖
𝑏) ∙ 𝑞𝑣
𝑏 ∙ 𝐴𝑓𝑙
𝑏 ∙ 𝜌) ………… (4.26)                                                                                                                             
𝑑𝑊𝑖
𝑤
𝑑𝑡
=
1
𝜌∙𝑉𝑤
((𝑊𝑖
𝑏 − 𝑊𝑖
𝑤) ∙ 𝑞𝑣
𝑏 ∙ 𝐴𝑓𝑙
𝑏 ∙ 𝜌 − (𝑊𝑖
𝑤 − 𝑊𝑜
𝑤) ∙ 𝑞𝑣
𝑤 ∙ 𝐴𝑓𝑙
𝑤 ∙ 𝜌)………… (4.27)                                                                                                                             
where 𝑊𝑖
𝑏, 𝑊𝑖
𝑤 and 𝑊𝑜
𝑤 are the absolute humidity of greenbox unit, warehouse and 
outside environment (𝑘𝑔𝑘𝑔𝑑𝑟𝑦 𝑎𝑖𝑟
−1
).  
Similarly, it is assumed the absolute humidity of each box is always same and 
outside absolute humidity of greenhouse is same as that of greenbox system (𝑊𝑜
𝑔 =
𝑊𝑜
𝑤). 
4.5 Evapotranspiration rate in the models 
4.5.1 crop selection 
Many crops for greenhouse cultivations have been well studied. Among all these 
crop selections, head lettuce is selected in this study, as there is no necessity to 
consider anthesis and seeding before the lettuce is edible (harvest). That is, the shape 
of head lettuce always keeps stable, so the simulation of evapotranspiration is relatively 
easy and simple to simulate for this type of crop. Besides, lettuce is one kind of widely 
planted crop and the irrigation for it is very common without specific scheduling method, 
so the study on lettuce is practical on real world urban agriculture (Gallardo et al., 
1996).   
4.5.2 Evapotranspiration submodel 
42 
 
 
Considering it is necessary to estimate the evapotranspiration of lettuce in this 
study, the method calculating lettuce ET rate by Pollet et al. (1998) is referred to. In their 
study, the estimation of the lettuce evapotranspiration was done and validated by 
means of the Penman-Monteith method. Most assumptions and some parameters used 
and calculated in Pollet et al. study will be also adopted, detailed related contents of the 
assumptions and parameters will be discussed in this section. The reader is referred to 
the work of Pollet et al. (1998) for more detailed descriptions.  
The Penman-Monteith equation can be used to estimate the crop 
evapotranspiration as following: 
𝐸𝑇 = (
𝑠∙(𝑅𝑛−𝐹)
𝑠+𝛾∗
+
(𝜌∙𝑐𝑝∙
𝐷
𝑟𝑏
)
𝑠+𝛾∗
)/L………… (4.28)                                                                                                                             
𝛾∗ = 𝛾(1 +
𝑟𝑐
𝑟𝑏
) ………… (4.29)                                                                                                                             
𝑟𝑐 =
𝑟𝑠
𝐿𝐴𝐼
………… (4.30)                                                                                                                             
𝑟𝑏 =
𝑟𝑎
2∙𝐿𝐴𝐼
………… (4.31)                                                                                                                             
where 𝐸𝑇 is the evapotranspiration rate of crop (𝑘𝑔𝑚
−2𝑠−1), 𝑠 is the slope of the 
saturation vapor pressure-temperature curve (g𝑚−3𝐾−1 or 𝑘𝑃𝑎℃−1), 𝑅𝑛 is the net all-
wave radiation (𝑊𝑚−2), 𝐹 is the soil flux (𝑊𝑚−2). In this study, the soil flux was 
assumed to be negligible. 𝛾 is the psychrometric constant (g𝑚−3𝐾−1 or 𝑘𝑃𝑎℃−1), 𝐷 is 
the vapor pressure deficit (𝑔𝑚−3 or 𝑘𝑃𝑎), 𝑟𝑏 is the aerodynamic resistance of the crop 
(s 𝑚−1), 𝑟𝑐 is the crop resistance (𝑠 𝑚
−1), 𝑟𝑠 is the stomatal resistance (𝑠 𝑚
−1),  𝐿𝐴𝐼 is the 
leaf area index and 𝑟𝑎 is the aerodynamic resistance of the leaf. 
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According to Allen et al. (1998), the slope of the saturation vapor pressure-
temperature curve (𝑘𝑃𝑎℃−1) is as following:  
𝑠 =
4098{0.618 𝑒𝑥𝑝[
17.27𝑇
𝑇+237.3
]}
(𝑇+237.3)2
………… (4.32)                                                                                                                             
where 𝑇 is the air temperature (℃).  
The vapor pressure deficit (𝑘𝑃𝑎), 𝐷, is as following: 
𝐷 = 𝑒𝑠 − 𝑒𝑎  
where 𝑒𝑠 is the saturation vapor pressure (𝑘𝑃𝑎), 𝑒𝑎 is the actual vapor pressure (𝑘𝑃𝑎).  
According to Monteith and Unsworth, 2007) 
𝑒𝑠 = 0.618 exp [
17.27𝑇
𝑇+237.3
]………… (4.33)                                                                                                                             
𝑒𝑎 = 0.618 exp [
17.27𝑇𝑑
𝑇𝑑+237.3
]………… (4.34)                                                                                                                             
where 𝑇𝑑 is the dew-point temperature of air (℃). 
According to Mansell, Martin G (2003), the psychometric constant (𝑘𝑃𝑎℃−1), 𝛾 is 
𝛾 = 0.665 × 10−3𝑃………… (4.35)                                                                                                                              
where 𝑃 is the atmospheric pressure (𝑘𝑃𝑎℃−1). 
For the consideration of the aerodynamic resistance of the leaf, 𝑟𝑎, the prevailing 
type of heat exchange at the leaves is required to be concerned (Stanghellini, 1995). 
When the windspeed exceeds 0.2 𝑚 𝑠−1, calculation for forced convection 𝑟𝑎 will be 
used. And for windspeed less than 0.05 𝑚 𝑠−1, calculation for free convection 𝑟𝑎 is 
adopted as following: 
𝑟𝑎 = 840√
𝑑
|𝑇𝑙−𝑇|
4
………… (4.36)                                                                                                                             
where 𝑇𝑙 is the temperature of leaf (℃), 𝑑 is the characteristic dimension of the leaf (𝑚).  
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In this study, I assumed to use free convection 𝑟𝑎 as the aerodynamic resistance 
of the leaf. Besides, it is assumed at each time the temperature difference between leaf 
and air was 1 ℃, based and the measurement in Pollet et al. (1998)  
For the stomatal resistance (𝑠 𝑚−1) of lettuce, 𝑟𝑠, a submodel was set and 
parameters in their submodel were fitted based on the actual measurement of 𝑟𝑠 and 
considered variables in the submodel. Those variables required in the 𝑟𝑠 submodel 
include shortwave irradiation 𝐼𝑠, vapor pressure deficit 𝐷, and air temperature 𝑇. In their 
submodel, 𝑟𝑠 from one hour before sunrise to one hour after sunset on 4 different type 
weather conditions (cloudy, sunny, sunny and foggy weather) and mentioned variables 
were measured simultaneously to finally obtain a dataset of 29 points as a source for 
fitting the submodel. Since the eventual correlation coefficient of the submodel was 0.91 
for lettuce, the submodel for 𝑟𝑠 was directly adopted in this study. The expression of 𝑟𝑠 is 
as following: 
𝑟𝑠 = 164
31.029+𝐼𝑠
6.740+𝐼𝑠
∙ (1 + 0.011(𝐷 − 3)2) ∙ (1 + 0.016(𝑇 − 16.4)2) ………… (4.37)                                                                                                                             
For the leaf area index, 𝐿𝐴𝐼, considering that the head filling leaves of the lettuce 
crop won’t contribute much to the total transpiration, the destructive way to measure the 
total leaf surface as a sum of the leaf surface of each individual leaf was not adopted, 
instead, the video images of the coverage of the soil by the lettuce were used to 
estimate 𝐿𝐴𝐼. This is the core reason for the 𝐿𝐴𝐼 used here is not same as the well-
accepted 𝐿𝐴𝐼 inother research. More detailed discussion is listed later. The S-shape 
Gompertz-equation (Pollet et al., 1998) was then adjusted to fit measured leaf area to 
the cumulated sum of shortwave radiation 𝑅𝑠. This Gompertz equation is al following: 
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𝐿𝐴𝐼 = 𝐿𝐴𝐼0 ∙ 𝑒𝑥𝑝 {𝑙𝑛 (
𝐿𝐴𝐼∗
𝐿𝐴𝐼0
) ∙ [1 − 𝑒𝑥𝑝 (−𝑐 ∙ ∑ 𝑅𝑠)]} ………… (4.38)                                                                                                                             
where 𝐿𝐴𝐼0 is the leaf area (𝑚
2) at time 𝑡0 per unit ground area (𝑚
2), 𝐿𝐴𝐼∗ is the 
asymptotic end value of the leaf area (𝑚2) per unit ground area (𝑚2), 𝑐 is a crop 
dependent constant, ∑ 𝑅𝑠 is the cumulated sum of shortwave radiation (𝑀𝐽𝑚
−2). 
Note, the 𝐿𝐴𝐼 referred according to Pollet et al. (1998) study is not exactly same 
as the 𝐿𝐴𝐼 in other well-accepted study. I refer their definition and approach to estimate 
this variable in this study as explained following. 
In their study, the video images of the coverage of the soil by the lettuce were 
collected by two different angles, one angle is 90°, and this angle gave an image of the 
surface coverage. The other angle is 45°, and this angle gave an image of both surface 
coverage and plant height. From the final fitting results, only the video image with 90° 
(presenting the vertical projection area of lettuce) showed desirable correlation 
coefficient. Therefore, the definition of using total leaf surface as a sum of the leaf 
surface of each individual leaf to calculate 𝐿𝐴𝐼 was not adopted. Alternatively, the 
rationale of their 𝐿𝐴𝐼 definition is the vertical projection area of lettuce at unit area.  
Besides, different parameters were obtained for fitting model at different temperature 
regimes. In this study, I selected the parameters in the high temperature regime of their 
study, since it was closer to our greenhouse temperature set point. As a result, 𝐿𝐴𝐼0 =
453/10000 𝑚2𝑚−2, 𝐿𝐴𝐼∗ = 1 𝑚2𝑚−2, 𝑐 = 0.017. 
4.6 Simulation models  
4.6.1 Computer implementation  
4.6.1.1 Computer implementation for greenhouse system  
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The first-order differential equations for inside air temperature and humidity in the 
greenhouse were finally used to create the mathematical model for greenhouse system, 
and to solve these two equations numerically, a classical fourth-order Runge–Kutta 
method as described by Fitz-Rodríguez, Efrén et al. (2010) was used:  
𝑦𝑖+1 = 𝑦𝑖 +
1
6
(𝑘1 + 2𝑘2 + 2𝑘3 + 𝑘4) ………… (4.39)     
𝑘1 = 𝑓(𝑥𝑖, 𝑦𝑖) ………… (4.40)                                                                                                                                                                                                                
𝑘2 = 𝑓(𝑥𝑖 +
1
2
ℎ, 𝑦𝑖 +
1
2
𝑘1ℎ) ………… (4.41)                                                                                                                                                                                                                                   
𝑘3 = 𝑓(𝑥𝑖 +
1
2
ℎ, 𝑦𝑖 +
1
2
𝑘2ℎ) ………… (4.42)                                                                                                                                                                                                                                   
𝑘4 = 𝑓(𝑥𝑖 + ℎ, 𝑦𝑖 + 𝑘3ℎ) ………… (4.43)                                                                                                                                                                                                                                        
where 𝑦𝑖 is the set of dependent variables in the mathematical model (in this 
model, 𝑦𝑖 stands for 𝑇𝑖𝑛 and 𝑊𝑖𝑛 for each equation) and ℎ is the time interval to calculate 
the new 𝑦𝑖+1 values for each equation, as what was mentioned before, the simulation 
time interval was set as 1 minute, so ℎ is equal to 60s.  
4.6.1.2 Computer implementation for greenbox system 
Since the air temperature and humidity of warehouse are required when solving 
the equations for greenbox air temperature and humidity. In other words, the differential 
equations for air temperature of greenbox are required to be solved simultaneously with 
those for warehouse temperature, so is for humidity solution. As a result, fourth-order 
Runge–Kutta method for 2-order differential equations were carried out in greenbox 
model (Chapra and Canale, 1988):  
𝑦1𝑖+1 = 𝑦1𝑖 +
1
6
(𝑙1 + 2𝑙2 + 2𝑙3 + 𝑙4) ………… (4.44)                                                                                                                                                                                                                     
𝑦2𝑖+1 = 𝑦2𝑖 +
1
6
(𝑚1 + 2𝑚2 + 2𝑚3 + 𝑚4) ………… (4.45)                                                                                                                                                                                                            
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𝑙1 = 𝑓1(𝑥𝑖, 𝑦1𝑖, 𝑦2𝑖) ………… (4.46)                                                                                                                                                                                                                                                  
𝑚1 = 𝑓2(𝑥𝑖 , 𝑦1𝑖, 𝑦2𝑖) ………… (4.47)                                                                                                                                                                                                                                                
𝑦1𝑖
∗ = 𝑦1𝑖 +
1
2
𝑙1ℎ………… (4.48)                                                                                                                                                                                                                                                    
𝑦2𝑖
∗ = 𝑦2𝑖 +
1
2
𝑚1ℎ………… (4.49)                                                                                                                                                                                                                                                  
𝑙2 = 𝑓1(𝑥𝑖, 𝑦1𝑖
∗, 𝑦2𝑖) ………… (4.50)                                                                                                                                                                                                                                                
𝑚2 = 𝑓2(𝑥𝑖, 𝑦1𝑖, 𝑦2𝑖
∗) ………… (4.51)                                                                                                                                                                                                                                              
𝑦1𝑖
∗∗ = 𝑦1𝑖 +
1
2
𝑙2ℎ………… (4.52)                                                                                                                                                                                                                                                  
𝑦2𝑖
∗∗ = 𝑦2𝑖 +
1
2
𝑚2ℎ………… (4.53)                                                                                                                                                                                                                                                
𝑙3 = 𝑓1(𝑥𝑖, 𝑦1𝑖
∗∗, 𝑦2𝑖) ………… (4.54)                                                                                                                                                                                                                                               
𝑚3 = 𝑓2(𝑥𝑖, 𝑦1𝑖, 𝑦2𝑖
∗∗) ………… (4.54)                                                                                                                                                                                                                                             
𝑦1𝑖
∗∗∗ = 𝑦1𝑖 + 𝑙3ℎ………… (4.56)                                                                                                                                                                                                                                                   
𝑦2𝑖
∗∗∗ = 𝑦2𝑖 + 𝑚3ℎ………… (4.57)                                                                                                                                                                                                                                                 
𝑙4 = 𝑓1(𝑥𝑖, 𝑦1𝑖
∗∗∗, 𝑦2𝑖) ………… (4.68)                                                                                                                                                                                                                                             
𝑚4 = 𝑓2(𝑥𝑖, 𝑦1𝑖, 𝑦2𝑖
∗∗∗) ………… (4.59)                                                                                                                                                                                                                                           
where 𝑦1𝑖 and 𝑦2𝑖 are the set of two dependent variables in the mathematical model. In 
this study, 𝑦1𝑖 stands for 𝑇𝑖
𝑏 (or 𝑊𝑖
𝑏) , and 𝑦1𝑖 stood for 𝑇𝑖
𝑤 (or 𝑊𝑖
𝑤) for each pair of 
equations) and ℎ was, still, the time interval to calculate the new 𝑦1𝑖+1 and 𝑦2𝑖+1 values 
for each pair of equation.  
4.6.2 Parameterization  
There are two types of parameters in the simulation systems. Both reflect the 
features of simulation models. One type keeps constant all the time once the materials, 
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size, the facilities and the crop type are determined. The other type is determined by the 
control conditions, will be discussed together with their control conditions and schemes. 
4.6.2.1 Constant physical characteristic parameters of systems 
The following table (Table 4.1) lists the detailed description and values of all 
characteristic parameters for greenhouse and greenbox system and lettuce of the first 
type. 
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Table 4.1 Descriptions and Values of constant characteristic parameters for greenhouse 
and greenbox system and crops 
Symbol Description Value Units 
η solar heating efficiency of the greenhouse 0.65  
𝐴𝑓𝑙
𝑔
 ground surface area of the greenhouse 300 𝑚2 
𝑘 overall heat transfer coefficient of greenhouse 6.2 𝑊𝑚−2℃−1 
𝐴𝑔𝑙
𝑔
 area of the glazing surface of greenhouse 674 𝑚2 
𝑉𝑔 volume of greenhouse 1546 𝑚3 
𝐴𝑓𝑙
𝑏  total ground surface area of all greenboxes 300 𝑚2 
𝑘1 overall heat transfer coefficient of the greenbox unit 0.13 𝑊𝑚
−2℃−1 
𝐴𝑔𝑙
𝑏  total area of the structure surface of all greenboxes 1500 𝑚2 
𝑉𝑏 total volume of all greenboxes 300 𝑚
3 
𝐴𝑓𝑙
𝑤  ground surface area of the warehouse 300 𝑚2 
𝑘2 overall heat transfer coefficient of the warehouse 1.01 𝑊𝑚
−2℃−1 
𝐴𝑔𝑙
𝑤  area of the structure surface of the warehouse 940 𝑚2 
𝑉𝑤 volume of warehouse 2400 𝑚
3 
𝑑 characteristic dimension of the leaf 0.1538 𝑚 
𝐿𝐴𝐼0 leaf area at time 𝑡0 per unit ground area 0.0453 𝑚
2/𝑚2 
𝐿𝐴𝐼∗ asymptotic end value of the leaf area per unit ground area 1 𝑚2/𝑚2 
 
 
 
50 
 
 
Due to the single glass material as glazing for greenhouse, the values of η and 𝑘 
are determined. Thanks to the selection of wood as greenbox material, the value of 𝑘1is 
determined. Because of the selection of cement as warehouse material, the value of  
𝑘2 is determined.  
As for size determination, as mentioned in section 3.2.1, the A-frame greenhouse 
in research of Fitz-Rodríguez et al. (2010) was selected, thus the size parameters of 
greenhouse in their study can be directly referred to.  
For grennbox system, to make sure the cultivation area for two systems are the 
same, 300 cubic greenboxes (1𝑚3/𝑒𝑎𝑐ℎ) are required for greenbox sysem. Then to 
make the installation and monitoring of greenboxes practical (there is still space in 
warehouse for human to walk in and make records on experiment), 2 layers of 
greenboxes are assumed. As a result, the total area of ground surface of one-layer 
boxes is 150 𝑚2. To make space in warehouse is easy for people to move, it is further 
assumed the area of warehouse ground surface is twice as large as that of box layer, 
meaning 300 𝑚2. Finally, according to Yap and Circ (2003), the common height of an 
ordinary warehouse is 8m, thus the volume if warehouse is determined, as 2400 𝑚3.  
In addition, as for the determination of the total electric power of the LED 
supplemental light facility in the greenhouse, 𝑄𝐿𝐸𝐷
𝑔
, and the total electric power of the 
LED lighting facilities in all greenboxes 𝑄𝐿𝐸𝐷
𝑏 , following consideration can be refer to. 
For two systems (greenhouse system and greenbox system), the total shortwave 
radiation (𝐽) arriving at the lettuce top during the completed growing period (35 day) 
should be the same to ensure identical radiation conditions and same final growth 
condition for lettuce (equation 4.28).  
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In summer season, the supplemental light facility in the greenhouse is assumed 
to be always turned off. Then for greenhouse system, the total inside shortwave 
radiation can be first determined for a complete growth period (35𝑑) of lettuce based on 
the external climate conditions (𝑄𝑟
𝑜), greenhouse transmittance properties (η) and 
greenhouse ground surface (𝐴𝑓𝑙
𝑔
). As a result, the total radiation provided by the light 
part of the LEDs (𝐽) can be determined as well. Besides, in this study, I assume the 
working hour of LED lighting is 16h per day, from 5am to 9pm. So, based on this 
assumption of operation model of LED lighting for each day and calculated total the total 
inside shortwave radiation, the light part of the LEDs energy, 𝑄𝐿𝑅, could be calculated 
(𝑊𝑚−2). Finally, the required parameters 𝑄𝐿𝐸𝐷
𝑏  for energy balance equation in greenbox 
system can be obtained according to equation (4.7).  
In winter season, the supplemental light facility in the greenhouse is assumed to 
be turned on when the outside global radiation 𝑄𝑟
𝑜 is less than 100 𝑊𝑚−2 with the total 
electric power of 411 𝑊𝑚−2 (𝑄𝐿𝐸𝐷
𝑔 = 411𝑊𝑚−2). Because by calculation, the total 
shortwave radiation (𝐽) arriving at the lettuce top in greenhouse during a complete 35-
day growth period in winter is enough to make the final 𝐿𝐴𝐼 reach mature. Then by 
following the same steps mentioned above, the parameters 𝑄𝐿𝐸𝐷
𝑏  can also be obtained. 
(Note: the total shortwave radiation (𝐽) arriving at the lettuce top in greenhouse include 
two parts: solar radiation and shortwave radiation from supplemental LED light) 
4.6.2.2 Controlled parameters of systems and their control strategies  
To define the control strategies in this study, the required threshold for 
temperature and humidity conditions need to be specified first. According to Brechner, 
et al. (2013), the optimal air temperature for head lettuce to grow is between 19 ℃ and 
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24 ℃. According to Tibbitts and Bottenberg (1976), the reasonable relative humidity of 
air for lettuce is between 50% to 85%.  
The heating facilities in both greenhouse and greenbox unit have three levels of 
different heat heating capacity, which are controlled by the minimum daily temperature 
of outside environment (𝑇𝑜
𝑔
 or 𝑇𝑜
𝑤). Table 4.2 shows the value of heating capacity of 
heating facilities at different level and their control conditions in this study: 
 
Table 4.2 Predefined heating capacity of heating facilities in two systems 
 
Heating capacity of heating 
system of greenhouse (𝑊) 
Heating capacity of heating 
system of all greenboxes (𝑊) 
min (𝑇𝑜𝑢𝑡24) < −7 187500 26197 
−7 ≤ min (𝑇𝑜𝑢𝑡24) < 0 150000 20375 
0 ≤ min (𝑇𝑜𝑢𝑡24) 112500 14554 
Note: min (𝑇𝑜𝑢𝑡24) is the minimum daily temperature of outside environment (℃). 
 
The control function for the heating facilities is defined as simple if-else rules in 
the computer program to define the status (ON or OFF) for both greenhouse and 
greenbox system. Specifically, if 𝑇𝑖
𝑔 (𝑇𝑖
𝑏) > 24℃, the state of heating facilities of 
greenhouse (all greenboxes) will be OFF; if 𝑇𝑖
𝑔 (𝑇𝑖
𝑏) < 19℃, the state of heating 
facilities of greenhouse (all greenboxes) will be ON; else the heating facilities of 
greenhouse (all greenboxes) will stay previous status.  
As for the infiltration and ventilation rate of greenhouse, warehouse and total 
greenboxes (𝑞𝑣
𝑔
, 𝑞𝑣
𝑤 and 𝑞𝑣
𝑏), the simple if-else rule is also used to determine the stage 
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level of the infiltration and ventilation. Following table (Table 4.3) shows the infiltration 
and ventilation rate of greenhouse, warehouse and total greenboxes at different stages. 
 
Table 4.3 Infiltration and ventilation rate for three structures at different conditions 
 
Infiltration and ventilation rate N (ℎ−1) 
greenhouse warehouse greenbox unit 
summer winter summer winter summer winter 
OFF (infiltration) 2 2 3 3 0 0 
Stage 1 40*1+2 2*1+2 1*1+3 5*1+3 30*1 5*1 
Stage 2 40*2+2 2*2+2 1*2+3 5*2+3 30*2 5*2 
 
According to Table 4.3, the infiltration rate (natural leaking) of greenhouse, 
warehouse and greenbox unit are 2ℎ−1, 3ℎ−1 and 0, respectively.  
At stage 1, for all structures there will be one ventilation open, and for stage 2, 
there will be two fans opening. For greenhouse, the ventilation rate of one ventilation is 
40ℎ−1 in summer, 2ℎ−1in winter. For warehouse, then ventilation rate of one ventilation 
is 1ℎ−1in summer and 5ℎ−1in winter. For each greenbox unit, the ventilation rate of one 
ventilation is 30ℎ−1in summer and 5ℎ−1in winter. 
The working processes to use if-else rule for those stage levels is defined as 
following. 
If 𝑇𝑖
𝑔 (𝑇𝑖
𝑤 𝑜𝑟 𝑇𝑖
𝑏) > 24℃ or 𝑅𝐻𝑖
𝑔 (𝑅𝐻𝑖
𝑤 𝑜𝑟 𝑅𝐻𝑖
𝑏) > 85%, the stage of ventilation rate 
will be upgraded (for instance, from OFF to Stage1 or from Stage 1 to Stage 2); if 
𝑇𝑖
𝑔 (𝑇𝑖
𝑤 𝑜𝑟 𝑇𝑖
𝑏) < 19℃ and 𝑅𝐻𝑖
𝑔 (𝑅𝐻𝑖
𝑤 𝑜𝑟 𝑅𝐻𝑖
𝑏) < 50% happens simultaneously, the 
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stage of ventilation rate will be degraded (for instance, from Stage 2 to Stage1 or from 
Stage 1 to OFF). For all rest conditions, the ventilation and infiltration rate of 
greenhouse (warehouse/greenbox unit) will stay previous status.  
Note: considering the unit of ventilation and infiltration rate in the previous energy 
and mass balance equations is 𝑚3𝑚−2𝑠−1, a conversion equation for unit is required: 
 𝑞𝑣 = 𝑁 ∙ 𝑉/(3600𝐴) ………… (3.62)                                                                                                                             
where 𝑞𝑣 is the ventilation and infiltration rate of the system (𝑚
3𝑚−2𝑠−1), 𝑁 is the 
air changes per hour (ℎ−1), 𝑉 is the volume of the system (𝑚3), 𝐴 is the area of ground 
surface of the system (𝑚2). 
4.6.3 Input and output variables 
The required input variables for simulation model include environmental global 
radiation (𝑊𝑚−2), external air temperature (𝐾 and ℃), external air dew point 
temperature (𝐾 and ℃), external air relative humidity (%), air pressure (ℎ𝑃𝑎). 
For greenhouse simulation, the intermediate step output variables include inside 
air temperature (𝐾 and ℃), inside air absolute humidity (𝑘𝑔𝑘𝑔𝑑𝑟𝑦 𝑎𝑖𝑟
−1
), inside air 
relative humidity (%), saturation water vapor pressure of inside air (𝑘𝑃𝑎), inside air dew 
point temperature (𝐾 and ℃), evapotranspiration rate of crop (𝑘𝑔𝑚−2𝑠−1), the slope of 
the saturation vapor pressure-temperature curve of inside air (g𝑚−3𝐾−1 or 𝑘𝑃𝑎℃−1), the 
vapor pressure deficit of inside air(𝑔𝑚−3 or 𝑘𝑃𝑎), the aerodynamic resistance of the 
crop (s 𝑚−1), the crop resistance (𝑠 𝑚−1), the stomatal resistance (𝑠 𝑚−1),  the leaf area 
index of lettuce and the aerodynamic resistance of the leaf. 
The final output variables are Inside air temperature, inside air relative humidity. 
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For greenbox system, except for all mentioned output variables for total 
greenboxes, the output intermediate step variables also include air temperature of 
warehouse (𝐾 and ℃), air absolute humidity of warehouse (𝑘𝑔𝑘𝑔𝑑𝑟𝑦 𝑎𝑖𝑟
−1
), air relative 
humidity of warehouse (%), saturation water vapor pressure of warehouse air (𝑘𝑃𝑎), air 
dew point temperature of warehouse (𝐾 and ℃). 
The final output variables are inside air temperature, inside air relative humidity, 
warehouse air temperature, warehouse air relative humidity. 
Besides, to comparison the energy use and water use of two systems, 
accumulative energy use (𝑀𝐽) and accumulative water use (𝑘𝑔) are also calculated as 
final output variables.  
4.6.3.1 Accumulative energy use calculation  
For greenhouse, the accumulative energy use only includes energy consumption 
by ventilations during the whole period in summer. In winter, it will also include total 
energy consumption from heating facilities. 
The total energy consumption of heating is available from both models, as both 
the heating facility and working hours will be determined during simulation. 
However, it is different for accumulative energy consumption for ventilation. 
According Greenhouse Crops & Floriculture Profram | UMass Extension, there is a 
variable for calculating the energy consumption of ventilation. That is called Ventilating 
Efficiency Ratio (VER). This is the ratio of the volumetric rate of air movement to the 
rate of energy consumption. This varies from about 10 - 20 cubic feet per minute/watt. 
Fans having a VER of 15 or higher are desirable. We use 15 cubic feet per minute/watt 
in this study.  
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During the model simulation, greenhouse model could get both the total working 
hours of ventilation with specific stages and the presided ventilation rate at that stage. 
Therefore, the accumulative energy consumption of greenhouse will be calculated as 
well.  
For greenbox system, the accumulative energy use can be calculated with same 
method above. The only thing need to pay attention is that energy use of ventilation for 
greenbox system include two parts. One is from all greenboxes ventilation and other 
one is from warehouse ventilation. 
4.6.3.2 Accumulative water use calculation 
For both systems, the crop evaporation rate of each time interval (60s) will be 
determined during the simulation process. Assume it is constant for each time interval, 
the accumulative water use is the sum of water use all during the period. 
4.6.4 Site determination and simulation period and date 
To obtain the input data, site selection and simulation date and period are 
required. 
1) University of Connecticut, Mansfield, CT is selected as study site 
2) The regular growth period for lettuce is 35 days, so it is used as simulation 
period. 
3) For summer, the simulation date is determined from 1st June to 5th July, 2016  
4) For winter, the simulation date is determined from 1st December, 2016 to 4th 
January, 2017. 
4.6.5 Simulation Scheme    
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The computer simulation model has two mains two main parts: Input and a loop 
to run main body of the program. As for main body part, there are also two sections: 
determination of controlled parameters and simulation portion. Figure 4.7 schematically 
shows overall flow chart for the computer program model. 
In the input subroutine (INPUT), all greenhouse constant characteristics 
parameters and input variables are provided and read. In the main body of program, 
subroutines are used to obtain controlled parameters as mentioned in section 4.6.2.2. 
Figure 4.8 shows the flow chart of main body of the program, figure 4.9-figure 4.12 
shows the flow chart of subroutines to determine the controlled parameters.  
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Figure 4.7 Flow chart of program 
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Figure 4.8 flow chart of main body (left is for greenhouse, right is for greenbox system) 
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Figure 4.9 Flow chart of subroutine 1 
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Figure 4.10 Flow chart of subroutine 2 
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Figure 4.11 Flow chart of subroutine 3 
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Figure 4.12 Flow chart of subroutine 4 
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Chapter V Results and discussions 
5.1 Introduction  
Simulation runs were performed to determine how simulated parameters such as 
water use, energy consumption, LAI of the lettuce were various and affected by the type 
of systems and seasons, under different control managements. This chapter presents 
the results, findings, and consequent analysis. Specifically, simulation results for each 
model will be first described and analyzed, followed by the comparison results and 
findings and conclusions derived from the comparison. Overall summary will be 
presented in the end.   
5.2 Comparison of simulation results in summer 
5.2.1 Greenhouse simulation in summer 
First, greenhouse simulation was conducted in summer season.  
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Figure 5.1 Temperature curve of greenhouse internal air and external environment through a 
growth period of 35-day in summer, from June 1st to June to July 5th, 2016. The top one is for 
outside environment and the bottom one is for inside air of greenhouse. 
  
Figure 5.1 shows the temperature changes (℃) of inside air of greenhouse in 
summer (figure 5.1 bottom), associating with outside environment temperature as 
reference (figure 5.1 top). It is obvious that internal air temperature curve was very close 
to that of outside environment in summer, with slightly higher high temperature during 
day time and slightly higher low temperature during night time. Besides, the low 
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temperature of greenhouse internal air was slightly higher than that of outside 
environment in most nights. For instance, the low temperature of internal air in the 2nd 
day was higher than 15 ℃. However, it was lower than 15 ℃ for outside environment. 
This result represents one characteristic of greenhouse: the insulation effect due to the 
glazing structure. Specifically, the glazing was selected as single layer glasses for 
greenhouse simulation in this study, and the overall heat transfer coefficient of glazing is 
as high as 6.2 𝑊𝑚−2℃−1 and the infiltration rate of the ventilation is 2 ℎ−1 (Table 4.1 
and Table 4.3). As a result, the insulation made the inside low temperature higher than 
that of outside, though this insulation property was not good enough to always make the 
low temperature higher than the set point for low temperature range (19℃) for lettuce to 
grow. As for high temperature, as demonstrated before, the ventilation rate of 
greenhouse fans could reach 82 ℎ−1 at most, which made the high temperature of 
internal air was very close to environment temperature but a little bit higher. This 
condition happens because in each simulation time interval, when there was excessive 
solar radiation, the inside air would be heated very fast, to the degree that almost 1.4 
𝑚𝑖𝑛−1 air exchange was required to remove this excessive heat. However, since there 
was no other cooling system except fans designed in greenhouse system, the inside air 
temperature could only be equal to or higher than that of outside environment, without 
any chance to be lower.  
In summary, the greenhouse model was able to estimate greenhouse progress in 
term of temperature. However, given the limitation of insufficient ability of insulation 
during night time and relative low cooling efficiency of only ventilation during day time, 
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the simulated temperature range of greenhouse system was not always within the best 
growth environment for lettuce (19-24℃), despite still acceptable. 
 
 
Figure 5.2 Relative humidity curve of greenhouse internal air and external environment through 
a growth period of 35-day in summer, from June 1st to July 5th, 2016. The top one is for outside 
environment and the bottom one is for internal air of greenhouse. 
 
Figure 5.2 shows the relative humidity changes of inside air of greenhouse, 
(figure 5.2 bottom), associating with RH outside environment as reference (figure 5.2 
top). Similarly, RH curves of internal and external air temperature was very equable, 
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except that during high RH period, the RH inside the greenhouse is slightly lower than 
outside, thanks to the control of ventilation. This very close RH can be explained under 
two different type of conditions. First, during daytime, especially at noon, high crop 
evapotranspiration rate (which depends prominently on radiative gain) provided water 
vapor source for greenhouse. However, a high ventilation rate was approached 
simultaneously, making the water vapor exchange sufficient between greenhouse and 
external environment, making the RH close under these two environments. On the other 
hand, at night with no radiation and crop evapotranspiration, the only water vapor 
source was the outside environment by infiltration progress. Therefor the natural leaking 
of greenhouse in summer night was sufficient to exchange water vapor between internal 
and external environment, making their RH to be close as well. 
Overall, since lettuce is not adjustable to grow in humid environment higher than 
85%, the RH range of greenhouse was relatively ideal in greenhouse model in summer. 
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Figure 5.3 Energy flux curve within the greenhouse for per unit area (𝑊𝑚−2), presenting the gain or loss term for greenhouse energy 
balance through a growth period of 35-day in summer, from June 1st to July 5th, 2016. (a) energy flux curve from natural radiative 
gain, (b) heat loss flux through ventilation and infiltration, (c) heat loss flux conducted though glazing, and (d) energy loss flux via 
evapotranspiration. 
(a) (b) 
(c) (d) 
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Figure 5.3 displays energy balance of the greenhouse model. Fig 5.3 (a) shows 
the radiative gain flux within the greenhouse (𝑊𝑚−2). In summer season of Connecticut 
area, the typical global radiation is 900-1000 𝑊𝑚−2. With the solar heating efficiency of 
the greenhouse to be 0.65 (Table 4.1) in this study, the typically value for environment 
within the greenhouse would therefore be 500-600 𝑊𝑚−2. The radiation reached 
highest at noon and become zero at night, due to the movement of sun. 
Figure 5.3 (b) shows heat loss flux through ventilation and infiltration (𝑊𝑚−2). 
Consistent with previous analysis on of greenhouse temperature and RH, this term 
reached its highest value at noon, when venting fans were open at highest rate. By 
comparing the order of magnitudes of radiative gain flux and this heat loss flux, the 
cooling effect of fans is clear. However, the negative values could also occur. Because 
when fans were open due too excessive RH, there is also probability that the inside 
temperature of greenhouse was lower than that of outside environment, causing the 
heat gain not heat loss. 
Figure 5.3 (c) shows heat loss through glazing structure of greenhouse (𝑊𝑚−2). 
Comparing with radiative flux, this term was much smaller (typical order of magnitude of 
it is just 50 𝑊𝑚−2). As a result, with only heat loss through glazing during the night, the 
inside temperature should be higher than outside one.  
Energy loss flux through evapotranspiration of lettuce is presented on figure 5.3 
(d). By comparing with radiative gain flux (figure 5.3(a)), it was found that radiation 
played a critical role of ET production, although it is also affected by other parameters 
such as humidity, pressure, temperature, etc. This result fits the equation (4.28), 
showing the significance of radiation on ET rate. Besides, an increasing trend of ET 
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could be captured over time, which meets the common sense that increasing crop ET 
appears when leaves of lettuce grows larger as time goes by.  
In conclusion, in perspective of energy balance of greenhouse, radiation is main 
energy source in summer, energy loss of evapotranspiration is a main and steady 
source of heat loss. Heat exchanged by ventilation and infiltration could either provide 
heat gain and loss depending on actual ventilation rate and temperature difference 
between inside and outside air. Heat loss through glazing is relatively less important. 
 
 
Figure 5.4 Accumulative energy use of the greenhouse (𝑀𝐽) through a growth period of 35-day 
in summer, from June 1st to July 5th, 2016. 
 
Figure 5.4 shows the accumulative energy use of greenhouse in summer. Since 
only ventilation was applied, this total energy use was equal to the energy use of 
ventilation facility. The total energy use of greenhouse in summer simulation was about 
13064 𝑀𝐽. 
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Conclusively, in perspective of simulation in greenhouse model in summer, 
based on previous analysis on temperature curve, RH curve, energy flux curve for 
different components of greenhouse (figure 5.1 to 5.3), greenhouse simulation in 
summer was concluded to be reasonable and confident, which laid a foundation for 
further analysis of comparison between two models. In additions, as for energy use 
(figure 5.4), only the utilization of ventilation in summer causes the energy cost of 
greenhouse in summer.  
5.2.2 Greenbox simulation in summer 
Second, greenbox simulation was conducted in summer season.  
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Figure 5.5 Temperature curve of greenbox internal air, warehouse internal air and external 
environment through a growth period of 35-day in summer, from June 1st to July 5th, 2016. The 
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top one is for outside environment and the middle one is for warehouse and the bottom one is 
for greenbox. 
 
Figure 5.5 provides a good illustration of temperature curve for the greenbox 
system, including three components as external environment (top), warehouse (middle) 
and greenbox (bottom). Unlike greenhouse, there was no strong relationship between 
temperature of inside air and outside environment, thanks to the cushion of warehouse 
and the self-control radiation source (LED) within the greenbox. However, the daily 
trend of external temperature could still be captured on greenbox and warehouse 
temperature curve, thanks to the contribution of ventilation and infiltration.  
The temperature change of warehouse was close to that of greenbox, presenting 
that warehouse temperature was predominantly affected by greenbox temperature. 
However, considering the small size of boxes and good insulation of box structure, the 
high temperature and low temperature of greenbox was higher than that of warehouse. 
Unlike greenhouse, the daily low temperatures of which were lower than 19 ℃ 
even with fans closing, the low temperature of greenbox internal air were basically 
controlled higher than that set point (19 ℃) as the better insulation ability of woods 
comparing with single layer glass (the overall heat transfer coefficient of wood is as low 
as 0.13 𝑊𝑚−2℃−1, Table 4.1) and the assumed zero infiltration of wood box in this 
study. The high temperature of boxes was still impossible to be lower than external 
temperature, as greenhouse did. Therefore, it can be concluded that the temperature of 
lettuce growth environment in the greenbox had a range of similar upper limit but slightly 
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higher lower limit than range of internal temperature of greenhouse, but all desirable for 
lettuce to grow. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
76 
 
 
 
 
 
Figure 5.6 Relative humidity curve of greenbox internal air, warehouse internal air and external 
environment through a growth period of 35-day in summer, from June 1st to July 5th, 2016. The 
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top one is for outside environment and the middle one is for warehouse and the bottom one is 
for greenbox. 
 
Figure 5.6 shows the relative humidity properties of greenbox system in summer, 
respectively for external environment (top), warehouse (middle) and greenbox (bottom). 
Similar as temperature curve of greenbox system, RH within boxes are more stable 
than external environment, thanks to control of ventilation, and RH of boxes were close 
to that of warehouse, presenting the major influence of boxes on warehouse as well. 
Besides, this figure is similar to figure 5.5, showing that the appropriate RH was 
also achieved during simulation period within greenbox system. Anyway, despite distinct 
change with external RH, the greenbox internal RH was capable of making proper 
humidity environment for lettuce to grow.  
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Figure 5.7 Energy flux curve within the greenbox for per unit area (𝑊𝑚−2), presenting the gain or loss term for energy balance 
through a growth period of 35-day in summer, from June 1st to June to 5th July, 2016. (a) radiative gain flux from LEDs, (b) heat loss 
flux through ventilation, (c) heat loss flux conducted though wood, and (d) energy loss flux via evapotranspiration.
(a) (b) 
(c) (d) 
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Figure 5.7 shows the energy balance in the all greenbox units in summer. Figure 
5.7(a) presents the operation mode of LED lighting clearly. LED lightings were turned on 
and off periodically throughout a complete grow period, according to section 4.6.2.1. 
Figure 5.7 (b) and (c) shows heat loss flux though ventilation and wood structure, 
respectively. It is obvious that the heat loss flux through ventilation is far more than that 
of wood structure, thanks to the good insulation property of wood. Therefore, heat loss 
through ventilation is the main source of energy loss for greenbox units. Figure (d) 
shows energy loss flux through evapotranspiration of lettuce. Again, this flux occurs 
when there is radiation (LED) and is a main source of energy loss source. The 
increasing trend of ET can also be recognized. 
In all, the radiation from LED was partly used by crop evapotranspiration, and the 
rest part was exhausted by convection and conduction processes, caused by a 
relatively constant temperature difference between air inside and outside the greenbox. 
This is the reason for the similar temperature curve between greenbox and warehouse 
(figure 5.5).  
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Figure 5.8 Accumulative energy use of total greenbox and different components in the greenbox (𝑀𝐽) through a growth period of 35-
day in summer, from June 1st to July 5th, 2016. (a) total accumulative energy use of greenbox, (b) accumulative energy use of 
greenbox ventilation, (c) accumulative energy use of warehouse ventilation, and (d) accumulative energy use of LED lightings. 
(a) (b) 
(c) 
(c) (d) 
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Figure 5.8 shows the accumulative energy use of greenbox system in summer 
via different components. Unlike greenhouse, ventilation of both greenbox units and 
warehouse and LED lighting were all in utilization. Figure 5.8(a) shows the total 
accumulative energy use of greenbox system during summer was nearly 332730 𝑀𝐽. The 
rests show accumulative energy use is 2,102 𝑀𝐽 for greenhouse ventilation (figure 5.8 
b), 524 𝑀𝐽 for warehouse ventilation (figure 5.8 c), and 330,100 𝑀𝐽 for LED lighting 
facility (figure 5.8 d). Accumulative energy use of LED accounts for the overwhelming 
part, reaching more than 99% of the total accumulative energy use. And so, the 
accumulative energy use from either greenbox ventilation and warehouse ventilation 
can be ignored. 
Conclusively, according temperature curve, RH curve, energy flux curve for 
different components of the greenbox system (figure 5.6 to 5.8), greenbox model in 
summer worked also reasonably. As for energy consumption aspect, the utilization of 
LED lighting facilities is the dominant source of energy cost for greenbox system in 
summer.  
5.2.3 Comparison between two systems in summer 
As mentioned before, the objective of this study is to examine the performance of 
a greenbox system via comparison with greenhouse. This section will show the 
comparison results and the analysis conclusions on operating condition of greenbox 
model in summer. 
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Figure 5.9 Comparison of temperature of two models through a growth period of 35-day 
in summer, from June 1st to July 5th, 2016. The top figure is for greenhouse and the bottom 
figure is for greenbox 
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Figure 5.10 Comparison of relative humidity of two models through a growth period of 
35-day in summer, from June 1st to July 5th, 2016. The top figure is for greenhouse and the 
bottom figure is for greenbox 
 
Figure 5.9 and 5.10 provides an intuitive comparison of temperature and relative 
humidity curves between two models. In most time of both models, temperature had 
appropriate range from 19 ℃ to 24 ℃, presenting both of them were capable of 
providing similar and proper growth environment for lettuce to grow  
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The difference of daily temperature of greenhouse was larger than that of 
greenbox for about 1-2 ℃, meaning that greenbox system was more stable and 
performed better, in perspective of temperature. Similar conclusion could also be 
derived according to relative humidity comparison.  
  
 
 
Figure 5.11 Comparison of lettuce LAI curve of greenhouse and greenbox models through a 
growth period of 35-day in summer, from June 1st to July 5th, 2016. The top curve is lettuce LAI 
in greenhouse and the bottom one is for greenbox system. 
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Figure 5.11 shows the change curve of lettuce LAI of two models. The ultimate 
LAI of two models were same in the end with a value about 0.95. According to section 
4.5.2 (ET submodel), the asymptotic end value of the leaf area is 1 𝑚2 for per unit area 
(𝐿𝐴𝐼∗). As a result, with LAI value around 0.95, we could conclude that lettuces in both 
system were able to be considered as mature status.  
Besides, according to equation (4.28), LAI in this study was only determined by 
the cumulated sum of shortwave radiation crop could obtained. As mentioned before, in 
this study, the Photosynthetically Active Radiation (PAR) was controlled to be the same 
in both models within 35-day growth period. Therefore, the terminal values of LAI were 
of course the same in the end. However, the cumulation progress of LAI was more 
stable in greenbox system, as LAI curve of lettuce in greenbox system (bottom) was 
smoother than that of greenhouse (top). This can be explained by the artificial and 
periodical LED lighting. However, in greenhouse, the solar radiation can never be 
identical for each day, making lettuce having different daily growth rate for LAI.  
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Figure 5.12 Comparison of accumulative water use of greenhouse and greenbox system 
through a growth period of 35-day in summer, from June 1st to June 5th, 2016. The solid line is 
for greenhouse and dashed line is for greenbox system. 
 
Figure 5.12 shows the accumulative water use of greenhouse and greenbox 
models in summer. To cultivate the same amount of lettuce, greenhouse model used up 
36207 kg water in total, and greenbox model consumed 20725 kg. The accumulative 
water use of greenhouse was nearly twice as much as that of greenbox system.  
This could be validated and interpreted by calculation equation of 
evapotranspiration rate in some degree, as the only source of water use of both models 
were the crop evapotranspiration progress. According to equation (4.28), there are two 
terms deciding the crop ET rate, one presents the impacts of all-wave radiation (𝑊𝑚−2), 
and the other mainly depends on the humidity conditions, using the vapor pressure 
deficit (VPD) there. The impact of radiation plays a dominant role of the determination of 
ET, considering the high magnitude of radiation value. In the greenbox model, only the 
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LED lighting provides shortwave radiation, thus the all-wave radiation was almost the 
same as shortwave radiation offered by them. However, for greenhouse model, the 
radiative gain included all-wave radiation, in which, the shortwave radiation accounted 
for about a half amount. If the glazing is assumed to not filter the radiation in terms of 
wavelength, for the radiative gain of greenhouse, the shortwave radiation was indeed 
half of total radiative gain. At the same time, the PAR was assigned to be the same for 
two models in this study, to guarantee the same ultimate lettuce LAI. As a result, the all-
wave radiation of greenhouse was as large as twice than that of greenbox, so does the 
evapotranspiration rate roughly. Finally, the accumulative water use of greenhouse 
multiplies that of greenbox system.  
 
 
Figure 5.13 Comparison of accumulative energy of use of greenhouse and greenbox system 
through a growth period of 35-day in summer, from June 1st to July 5th, 2016. The solid line is 
for greenhouse and dashed line is for greenbox system. 
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As mentioned in introduction section, the energy use to grow the specific amount 
of lettuce is a good parameter to present the performance of greenbox system. Figure 
5.13 shows the final result of this comparison between greenhouse and greenbox 
models in summer. 
According to figure 5.13, it is obvious that the total accumulative energy use of 
greenbox system is much more than that of greenhouse (332730 𝑀𝐽 for greenhouse 
and 13064 𝑀𝐽 for greenbox). The former one is almost about 25 times by the latter one. 
This results clearly presents that greenbox model could consume much more energy 
than greenhouse model in summer.  
Besides, according to discussion on figure 5.8, nearly all energy use of this 
amount of greenbox model (more than 99%) was from LED lighting facility, therefore, it 
can be concluded that it is the LED lighting facilities that make the greenbox low-
efficiency in energy use in summer. 
As far as I am concerned, we could further think about that in summer season, 
solar radiation is a good, free and irreplaceable source to utilize fully and reasonably. 
However, by the establishment of greenbox system, this fascinating source is almost 
wasted. Thus, for seasons with sufficient radiation or for areas access to excessive 
solar radiation, this simple greenbox model might not be suggested.  Nonetheless, the 
performance of greenbox system on temperature and humidity control is much better, 
thanks to the its good insulation and the cushion effects of warehouse.  
However, conditions may change in winter, because of scant solar radiation and 
drastically dependence on heating systems under low temperature in this season.  
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Conclusively, in summer simulations of greenhouse and greenbox models, we 
can conclude following results: 
1. Both models could conduct reasonable environmental simulations; 
2. Both models could provide favorable and similar growth environment for 
lettuce to grow maturely; 
3. Both models could cultivate same amount of lettuce (in terms of identical 
ultimate LAI); 
4. The growth environment was steadier in greenbox system (in terms of 
temperature and humidity condition); 
5. Greenhouse model required about two times as much as water to support 
lettuce growth than that of greenbox system; 
6. Greenbox model consumed nearly 25 times as much as energy than that of 
greenhouse model;  
7. The structure of energy use were very different between two models. For 
greenhouse, only ventilation consumed energy. For greenbox system, the main energy 
source is just LED lighting facilities. Ventilations within this model could be ignored in 
terms of energy use. 
5.3 Comparison of simulation results in winter 
5.3.1 Greenhouse simulation in winter 
Lettuce cultivation in the greenhouse was simulated in winter this time. 
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Figure 5.14 Temperature curve of greenhouse internal air and external environment through a 
growth period of 35-day in winter from December 1st, 2016 to January 4th, 2017. The top figure 
is for outside environment and the bottom figure is for inside air of greenhouse. 
 
Figure 5.14 shows the temperature curves of inside air of greenhouse (figure 
5.14 bottom), associating with outside environment temperature curve as reference 
(figure 5.14 top) in winter. Thanks to the functions of heating system within the 
greenhouse, the temperature was heavily increased and controlled in an optimal range 
for lettuce to grow (19-24℃). Unlike greenhouse simulation in summer, there was a 
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huge temperature difference between inside and outside environment, with highest 
value of more than 30 ℃ and lowest value around 10℃.  
In summary, due to the heating system, the greenhouse simulation in winter was 
able to provide appropriate growth environment in term of the temperature.  
 
 
 
Figure 5.15 Relative humidity curve of greenhouse internal air and external environment through 
a growth period of 35-day in winter, from December 1st 2016 to January 4th 2017. The top 
figure is for outside environment and the bottom figure is for internal air of greenhouse. 
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Figure 5.15 shows the relative humidity curve of inside air of greenhouse (figure 
5.15 bottom), associating with outside environment RH curve as reference (figure 5.15 
top). During most part of time period, the RH of inside air was lower than that of external 
environment. This result occurred probably because that the temperature of inside air 
was excessive higher, so with a close absolute humidity with external environment, the 
inside RH would be lower. Figure 5.15 top also shows an increasing trend of RH of 
greenhouse, and this might be caused by the increasing LAI and ET rate of lettuce as 
time went by.  
Besides, the change of inside RH was more similar to change of inside 
temperature (figure 5.14 bottom), indicating that in winter, the internal RH was more 
sensitive to the temperature change, not the absolute water vapor amount change. This 
sensitivity should also be caused by the large temperature difference between inside 
and outside environment.  Anyway, the greenhouse model was also able to provide 
appropriate humidity environment for lettuce to grow in winter.  
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(a) (b) 
(c) (d) 
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Figure 5.16 Energy flux curve within the greenhouse for per unit area (𝑊𝑚−2), presenting the gain or loss term for energy balance 
through a growth period of 35-day in winter, from December 1st, 2016 to January 4th, 2017. (a) natural radiative gain flux, (b) heat 
loss flux through ventilation and infiltration, (c) heat loss flux though glazing, (d) energy loss flux via evapotranspiration., (e) energy 
gain flux from heating system, and (f) radiative gain flux from supplemental lighting facilities (LED)
(e) (f) 
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        Figure 5.16 displays energy balance of the greenhouse model in winter. Unlike 
greenhouse simulation in summer, the solar radiation is not enough to make lettuce 
mature, thus supplemental light was required in winter. Fig 5.15(a) shows the natural 
radiative gain flux within the greenhouse (𝑊𝑚−2). In winter season of Connecticut area, 
the typical value of this solar radiative gain was about 200-300 𝑊𝑚−2 at noon.  
Figure 5.16 (b) is heat loss flux through ventilation and infiltration (𝑊𝑚−2). 
Thanks to the large temperature distinguish between inside and outside air, this heat 
loss flux was still large even with fans working at low ventilation rate in winter. The 
typical value of it during daytime when ventilation was open to export too much water 
vapor from crop evapotranspiration was 200-300 𝑊𝑚−2, almost equivalent to the 
radiative gain flux obtained from the sun.  
Figure 5.16(c) shows heat loss flux through glazing (𝑊𝑚−2). Due to bad 
insulation ability of single layer glass, this term was even much higher than the solar 
radiative gain flux, meaning that to make the glass greenhouse always warmer than the 
outside environment to a degree of 10 ℃ higher, heating facility is essential. 
Energy loss flux through evapotranspiration of lettuce in the greenhouse is 
presented on Figure 5.16(d). Similar to previous discussion in summer, this term largely 
relies on solar radiation, and will also increase with the growth of the lettuce. The ratio 
of energy loss flux through evapotranspiration over solar radiative gain flux was higher 
than that in summer, because supplemental radiation from other facilities (figure 5.16 f) 
also provided radiation to make ET process. 
Figure 5.16(e) shows the energy gain flux from heating system. This figure 
presents the significance of heaters to overcome the heat loss caused by ventilation, 
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infiltration, glasses structure and evapotranspiration, due to its high value (400-600 
𝑊𝑚−2). Figure 5.16(f) shows radiative gain flux from supplemental lighting facilities from 
supplemental lighting facilities, according to section 4.6.2.1, when the solar radiative 
gain was lower than 100 𝑊𝑚−2, this LEDs would be turned on. During winter in 
Connecticut, LEDs were required almost every night.   
In conclusion, in winter, solar radiation is no longer the main energy source for 
lettuce to grow in the greenhouse, but the energy gain from heating instead. 
Supplemental lighting was also required in winter. Heat loss through glazing is the 
largest heat loss term, followed by energy loss from evapotranspiration and ventilation 
and infiltration. 
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Figure 5.17 Accumulative energy use of greenhouse (𝑀𝐽) through a growth period of 35-day in winter, from December 1st, 2016 to 
January 4th, 2017.  (a) total accumulative energy use of greenhouse, (b) accumulative energy use of heating system, (c) 
accumulative energy use of LEDs, and (d) accumulative energy used of ventilation.
(a) (b) 
(c) (d) 
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Figure 5.27 shows the accumulative energy use of greenhouse and its 
components in winter simulation. Figure 5.27 shows the total accumulative energy use 
of greenhouse model was 631020 𝑀𝐽. The rest figures (b-d) show the accumulative 
energy use is 382068 𝑀𝐽 for heater, 248550 𝑀𝐽 for LED, and 409 𝑀𝐽 for ventilation. The 
heating facility constituted about 60% percent of total accumulative energy use of the 
whole model, and LEDs consumed the rest 40%. As for ventilation, the accumulative 
energy use of it was so small to be neglectable. In conclusion, to make lettuce grow in 
the greenhouse model in winter, both heating system and LEDs were of importance to 
reach the maturation. 
In summary, the greenhouse model in winter could provide optimal growth 
environment for lettuce, since both temperature and humidity were in appropriate range, 
with the utilization of heating systems and supplemental lighting facilities. As for energy 
perspective, the main source of energy consumption were heating and artificially lighting 
systems.  
5.3.2 Greenbox simulation in winter 
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Figure 5.18 Temperature curve of greenbox internal air, warehouse internal air and external 
environment through a growth period of 35-day in winter, from December 1st, 2016 to January 
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4th, 2017. The top figure is for outside environment and the middle one is for warehouse and 
the bottom one is for greenbox. 
 
Figure 5.18 provides a good illustration of temperature curve for the greenbox 
model in winter, respectively for external environment (top), warehouse (middle) and 
boxes (bottom).  
Unlike greenbox simulation in summer, the temperature curve of warehouse was 
predominant by external environment, with slightly higher values considering the heat 
gain from greenbox. There were two reasons analyzed for this condition. First, thanks to 
the huge temperature difference between warehouse and external environment, the 
heat loss through warehouse wall were excessive to cool down the warehouse 
temperature. Second, considering its low temperature, the air inside the warehouse 
could not hold much water vapor exported from greenbox units. As a result, ventilation 
with relatively higher rate of warehouse was always required to export this unwanted 
water vapor to external environment, which finally intensified the heat loss through 
ventilation and infiltration as well. Therefore, the temperature of warehouse was mostly 
influenced by the external temperature, not the greenbox as conditions in summer any 
more.  
As for greenbox, the temperature range of it was mostly controlled between 19 ℃ 
to 24 ℃ by their heating systems and LEDs, to provide favorable environment for 
lettuce. However, the high temperature of boxes was relative higher in the beginning 
days (December 1st to December 5th) and days when there was relatively high increasing 
in high temperature of external environment (e.g., December 16th). This can be 
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explained as following: For greenbox, considering its small size (1𝑚3/𝑒𝑎𝑐ℎ), the 
ventilation was always required to export the excessive water vapor from crop 
evapotranspiration. Therefore, the necessity of ventilation together with large 
temperature difference between air inside and outside greenbox, make heating system 
with high heat capacity required. However, at the first several days, the accumulative 
water vapor was not reach the level to make the ventilation to work at the highest level, 
thus the excessive heat from the heating system made the temperature increase very 
fast for these several days. Besides, when the external temperature heavily increased, 
there will be a reduced difference of temperature between air inside and outside of 
greenbox, which also resulted in extra heat loading in the greenbox.  
In general, it was obvious that the temperature of the greenbox model was 
favorable enough to grow lettuce in winter.  
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Figure 5.19 Relative humidity curve of greenbox internal air, warehouse internal air and external 
environment through a growth period of 35-day in winter, from December 1st, 2016 to January 
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4th, 2017. The top figure is for outside environment and the middle one is for warehouse and 
the bottom one is for greenbox. 
 
Figure 5.19 shows the relative humidity properties of greenbox system in winter, 
respectively for external environment (top), warehouse (middle) and boxes (bottom). 
The RH of warehouse was predominantly influenced by external environment, with the 
same reason mentioned in temperature part above. The bottom part of figure 5.19 
shows the RH range in greenbox was acceptable for lettuce to grow, the range of which 
was mostly within 50%-85%. 
104 
 
 
 
 
(a) (b) 
(c) (d) 
105 
 
 
 
Figure 5.20 Energy flux curve within the greenbox for per unit area (𝑊𝑚−2), presenting the gain or loss term for energy balance 
through a growth period of 35-day in winter, from December 1st 2016 to January 4th 2017. (a) radiative gain flux from LEDs (b) heat 
loss flux through ventilation and infiltration, (c) heat loss flux conducted though wood structure, (d) energy loss flux via 
evapotranspiration., (e) energy gain flux from heating system.
(e) 
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Figure 5.20 shows the energy balance of the greenbox in winter. Figure 5.20(a) 
shows the radiative gain flux of LEDs, presenting the operation mode of LED lighting 
clearly in winter.  
Figure 5.20(b) shows heat loss flux through ventilation, with the value about 50 to 
100 𝑊𝑚−2 when ventilation was open, depending on different ventilation rates. 
 Figure 5.20(c) shows the heat loss flux through wood structure of boxes. Thanks 
to the small volume and high insulation property of the wood greenbox, the energy loss 
fluxes though boxes (their ventilations and structures) were smaller in orders of 
magnitude than that for greenhouse, and so the heat loss through these two parts were 
no longer the main source of heat loss, as it in greenbox system.  
Figure 5.20 (d) shows energy loss flux via lettuce evapotranspiration, which was 
supposed as the main energy loss term on the energy balance equation according to its 
value (80-90 𝑊𝑚−2). 
Figure 5.20(e) shows the energy gain flux from heating system in the greenbox. 
Similar to greenhouse, heating system in greenbox system was also significant for 
compensating for the heat loss caused by conduction, convention and 
evapotranspiration. 
In summary, in terms of energy balance in the greenbox, the heating facility in 
greenhouse was the most important energy source, and the energy loss was mainly 
from crop evapotranspiration process in winter. 
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Figure 5.21 Accumulative energy use of greenbox system (𝑀𝐽) through a growth period of 35-day in winter, from December 1st, 2016 
to January 4th, 2017.  (a) total accumulative energy use of greenbox system, (b) accumulative energy use of greenbox ventilation, (c) 
accumulative energy use of warehouse ventilation, (d) accumulative energy used of LEDs, (e) accumulative energy use of heating 
system
(e) 
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Figure 5.21 shows the accumulative energy use of greenbox system and its 
components in winter. In greenbox model, to grow the same amount of lettuce as 
greenhouse model did, the total accumulative energy use of the whole system was 
355890 𝑀𝐽. The accumulative energy use was 350 𝑀𝐽 for greenbox ventilation, 2564 
𝑀𝐽 for warehouse ventilation, 326110 𝑀𝐽 for LED, and 26862 𝑀𝐽 for heaters. After the 
comparing the energy used of each component in the greenbox system, it was found 
that the energy use of LEDs accounted for the most proportion of total accumulative 
energy use, to a degree of over than 90%. The accumulative energy use of heating 
ranked at the second place, accounting for about 10%. The accumulative energy use of 
ventilations could still be neglectable, no matter from greenbox ventilation or warehouse 
ventilation. In all, for greenbox model in winter, thanks to the good insultation of wood, 
the most important place of heating system to warm the environment was replaced by 
LED lighting facilities, in greenbox model.  
In general, figures 4.17 to 4.19 shows the reasonability of greenbox model in 
winter and its capacity of providing favorable growth environment for lettuce. Besides, 
the main source of energy consumption was just LEDs at this time. 
5.3.3 Comparison between two systems in winter  
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Figure 5.22 Comparison of temperature of two models through a growth period of 35-day in 
winter, from December 1st, 2016 to January 4th, 2017. The top figure is for greenhouse and the 
bottom figure is for greenbox 
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Figure 5.23 Comparison of relative humidity of two models through a growth period of 35-day in 
winter, from December 1st, 2016 to January 4th, 2017. The top figure is for greenhouse and the 
bottom figure is for greenbox 
 
Figure 5.22 and 5.23 shows comparison of temperature and relative humidity 
curves between two models in winter. In most time, temperature and RH range of both 
models was controlled optimally for lettuce to grow, demonstrating the similar growth 
environment of these two models. Although greenhouse model was more stable in 
perspective of temperature only.    
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Figure 5.24 Comparison of lettuce LAI curve of greenhouse and greenbox system through a 
growth period of 35- day in winter, from December 1st, 2016 to January 4th, 2017. The top 
curve is lettuce LAI in greenhouse and the bottom one is for greenbox system. 
 
Figure 5.24 shows the lettuce LAI curve of greenhouse and greenbox models in 
winter. Similar to the discussion about LAI comparison in summer (figure 5.11), this 
figure demonstrates that the lettuce was mature in winter in two systems as well (final 
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LAI is higher than 0.95), and the ultimate LAI of two models were controlled to be 
identical, providing fundamental support for further comparison. 
 
 
Figure 5.25 Comparison of accumulative water use of greenhouse and greenbox system 
through a growth period of 35-day in winter, from December 1st, 2016 to January 4th, 2017. The 
solid line is greenhouse and dashed line is for greenbox system. 
 
Similarly, the comparison of water use in winter brings similar results as that from 
comparisons in summer. The accumulative water use of greenhouse was still twice as 
much as that of greenbox system (39230 𝑘𝑔 over 20300 𝑘𝑔). Besides, the accumulative 
water use of greenbox system in winter was very close to that in summer (36207 𝑘𝑔), 
because the accumulative PAR in summer and winter were assigned to very close and 
to produce lettuce with LAI more than 0.95, as a result, the water use during the 
progress in two seasons are very close to each other. 
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Figure 5.26 Comparison of accumulative energy of use of greenhouse and greenbox system 
through a growth period of 35-day in winter, from December 1st, 2016 to January 4th, 2017. The 
solid line is for greenhouse and dashed line is for greenbox system. 
 
Figure 5.26 shows comparison of accumulative energy of use between two 
models in winter. The accumulative energy use of greenhouse is 631020 𝑀𝐽, and 
355890 𝑀𝐽 for greenbox system, respectively. Unlike conditions in summer, total energy 
use of greenbox system was about half of that of greenhouse (56%). As a result, we 
can conclude, in winter, when radiation is not enough, the advantage of greenhouse will 
disappear. For greenhouse, it needs not just supplemental lighting (LEDs) to guarantee 
the required radiation for crops, heating systems to maintain the high temperature for 
that large building (1546 𝑚3) have to possess very high heat capacity. Besides, large 
amount of heat loss due to the bad insultation and unavoidable leaking of glazing will 
make things worse. However, for greenbox system, considering its small size, good 
thermal isolation and temperature protected from warehouse, accumulative energy use 
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from heating system won’t not play the most important role to maintain temperature. 
Besides, since the volume of greenbox is small, the extra heat provided by LED lighting 
facilities could also be used effectively in that limited space. Consequently, we could 
further conclude that in winter or areas with deficient radiation, greenbox might be an 
ideal agriculture cultivation system in the future.  
Conclusively, winter simulations of two models shows following results: 
1. Both models could conduct reasonable environmental simulations; 
2. Both models could provide favorable and similar growth environment for 
lettuce; 
3. Both models could cultivate same amount of lettuce (in terms of identical LAI); 
4. The growth environment was steadier in greenhouse model (in terms of 
temperature and humidity condition); 
5. Greenhouse required about two times as much as water to support lettuce 
growth than that of greenbox system; 
6. Greenbox system consumed only 56% of accumulative energy use of 
greenhouse to support lettuce growth; 
7. The structure of energy use were different between two models. In 
greenhouse, both energy use from heating systems and supplemental lighting facility 
are main source. In greenbox system, the main energy source is just LED lighting 
facilities. 
8. The heating system of greenbox system required only 7% of accumulative 
energy use of that of greenhouse system  
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9. Greenbox system requires 1.3 times accumulative energy use by that of 
greenhouse system to support LED lighting facilities.  
10. Greenbox system is more energy-efficient in winter, in perspective of 
accumulative energy use. 
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Chapter V  Summary and conclusions 
This study was conducted to analyze the energy use by the newly proposed 
greenbox system, in comparison with the A-frame glass greenhouses. The energy and 
mass balance equations were applied to generate a dynamic simulation model for the 
environmental parameters in both structures, such as solar energy, outside 
temperature, and moisture level, auxiliary heating, ventilation, LED lightings and so on. 
The model was written in MATLAB and incorporated the Penman-Monteith model for 
the estimation of evapotranspiration of crops. Head lettuce was selected to be the crop 
cultivated in the systems.  Energy use of the system included all the heating, cooling, 
lighting, and operational usage to provide and maintain the similar growth environment 
for crops in both structures for a complete growing season. Analysis then was made to 
compare the energy use between the two systems subjected to different climate 
conditions in summer and winter.   
In the summer simulation, internal environment of both systems was presented to 
be favorable to grow the same amount of lettuce with identical ultimate LAI. The total 
water use of greenhouse was nearly twice as much as that of greenbox system for a 
complete growth period of lettuce. The total energy use of greenbox system was much 
more than that of greenhouse for the same period. Greenbox system preforms worse 
than greenhouse in terms of energy use in summer. 
In the winter simulation, the growth environment was also displayed to be 
appropriate with the different facilities configurations on two structures. The ultimate LAI 
of two systems can also reached same values. Same result and conclusion were 
obtained from comparison of water use. As for energy use comparison, opposite result 
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was achieved in winter, that the total energy of greenbox system was less than of 
greenhouse, was about 56% of it. Conclusively, greenbox system performs better than 
greenhouse in terms of energy use in winter. 
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